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Structural Aspects Of The Supramolecular Helical Polymerization Of SelfAssembling Benzyl Ether Dendrons
Abstract

Function in complex biological and non-biological supramolecular assemblies is determined by structure.
Nature programs a primary structure, such as an amino acid sequence, with all necessary information to
undergo hierarchical self-assembly to generate functional constructs such as proteins. Self-assembling benzyl
ether dendrons provide a similar platform to program hierarchical self-assembly in synthetic soft matter and
self-organize into a variety of functional periodic arrays, including columnar hexagonal phases and 3D phases
generated from spheres such as body-centered cubic and Pm3n cubic, known also as Frank-Kasper A15.
Understanding the structure of these supramolecular objects and their assembly is critical for the design of
additional functional assemblies and materials with technological applications. This work examines the
synthesis and structural aspects of the self-assembly of various dendronized building blocks, including
perylene bisimides (PBIs), naphthalene bisimides, cyclotriveratrylenes (CTV), cyclotetraveratrylenes
(CTTV), and Janus glycodendrimers. Structural and retrostructural analysis by combination of techniques
including differential scanning calorimetry, oriented fiber X-ray diffraction (XRD), molecular modeling,
reconstruction of electron density, simulation of XRD, circular dichroism spectroscopy, and solid state NMR
reveals: (1) decreasing molecular order provides increased supramolecular order in assemblies of
tetrachlorinated PBIs; (2) a supramolecular double helix assembled from chiral PBIs displays identical single
crystal-like order irrespective of molecular chirality, rationalized by the cogwheel model; (3) defining the
sequence and composition of dendrons modulates the cogwheel assembly of dendronized PBIs; (4)
dendronized PBI and CTV assemble according to an unprecedented columns-from-spheres model; (5)
supramolecular spheres of dendronized CTTV are chiral; (6) the transition between a columnar array and a
cubic array can provide supramolecular orientational memory in which columnar domains are reoriented
according to the directions of the preceding cubic phase; (7) sugar moieties on the surface of synthetic cell
membrane mimics segregate to generate lamellar and hexagonal nanomorphologies. In summary, the
structural aspects underpinning multiple events in supramolecular self-assembly have been elaborated and are
expected to inform the design of additional functional assemblies and materials.
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ABSTRACT
STRUCTURAL ASPECTS OF THE SUPRAMOLECULAR HELICAL POLYMERIZATION OF
SELF-ASSEMBLING BENZYL ETHER DENDRONS
Benjamin Edward Partridge
Virgil Percec
Function in complex biological and non-biological supramolecular assemblies is determined by
structure. Nature programs a primary structure, such as an amino acid sequence, with all
necessary information to undergo hierarchical self-assembly to generate functional constructs
such as proteins. Self-assembling benzyl ether dendrons provide a similar platform to program
hierarchical self-assembly in synthetic soft matter and self-organize into a variety of functional
periodic arrays, including columnar hexagonal phases and 3D phases generated from spheres
such as body-centered cubic and Pm3̄n cubic, known also as Frank-Kasper A15. Understanding
the structure of these supramolecular objects and their assembly is critical for the design of
additional functional assemblies and materials with technological applications. This work
examines the synthesis and structural aspects of the self-assembly of various dendronized
building blocks, including perylene bisimides (PBIs), naphthalene bisimides, cyclotriveratrylenes
(CTV), cyclotetraveratrylenes (CTTV), and Janus glycodendrimers. Structural and retrostructural
analysis by combination of techniques including differential scanning calorimetry, oriented fiber Xray diffraction (XRD), molecular modeling, reconstruction of electron density, simulation of XRD,
circular dichroism spectroscopy, and solid state NMR reveals: (1) decreasing molecular order
provides increased supramolecular order in assemblies of tetrachlorinated PBIs; (2) a
supramolecular double helix assembled from chiral PBIs displays identical single crystal-like
order irrespective of molecular chirality, rationalized by the cogwheel model; (3) defining the
sequence and composition of dendrons modulates the cogwheel assembly of dendronized PBIs;
(4) dendronized PBI and CTV assemble according to an unprecedented columns-from-spheres
model; (5) supramolecular spheres of dendronized CTTV are chiral; (6) the transition between a
columnar array and a cubic array can provide supramolecular orientational memory in which
vii

columnar domains are reoriented according to the directions of the preceding cubic phase; (7)
sugar moieties on the surface of synthetic cell membrane mimics segregate to generate lamellar
and hexagonal nanomorphologies. In summary, the structural aspects underpinning multiple
events in supramolecular self-assembly have been elaborated and are expected to inform the
design of additional functional assemblies and materials.
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CHAPTER 1
General Introduction
Function in biological systems is generated by hierarchical self-assembly of a programmed primary
structure. Enzymes, for example, can perform chemical transformations with exquisite temporal
and spatial control, encoded by the sequence of their constituent amino acids. Critical to this feat
of nature is the transfer of information between different levels of structural hierarchy, from an
amino acid sequence (primary structure), via local conformations such as α-helices and β-sheets
(secondary structure) and globular protein conformation (tertiary structure), to the supramolecular
association of multimeric protein subunits to generate functional assemblies (quaternary structure).

Figure 1.1. Primary and secondary structure of benzyl ether dendrons. (left) Nomenclature for selfassembling benzyl ether dendrons and (center) minidendrons. (right) Example of different
conformations exhibited by constitutional isomers. Adapted with permission from Rosen, B. M.;
Wilson, C. J.; Wilson, D. A.; Peterca, M.; Imam, M. R.; Percec, V. Chem. Rev. 2009, 109, 6275–
6540.
Synthetic chemists have at their disposal a wide arsenal of tools to design molecular building blocks
to assemble in a similar hierarchical manner, inspired by biological systems. Among these building
blocks, self-assembling benzyl ether dendrons and dendrimers provide a synthetically accessible
and structurally diverse class of programmable primary structures (Figure 1.1). The substitution
pattern and primary molecular structure of a dendron or dendrimer dictates its conformation
(secondary structure), which may include tapered, disc, hat-shaped, crown, conical, spherical
segment or even a whole sphere (Figure 1.2, top row). The conformation of the molecule
determines how it will interact with other like molecules, and thus different tertiary structures,
1

including various types of supramolecular column and supramolecular sphere, are generated
(Figure 1.2, middle row). Subsequently these columns and spheres self-organize, typically, into a
periodic array (Figure 1.2, bottom row). The observed quaternary structure is thus selected by the
programmed primary structure and is generated via hierarchical assembly. Constitutional isomers
– molecules with the same molecular formula differing only in the configuration of their atoms, such
as replacing (3,4) with (3,5) – often adopt different molecular conformations and thus exhibit
substantially different periodic arrays. Furthermore, the tendency of benzyl ether dendrons to
change conformation as a function of temperature permits the formation of multiple quaternary
structures by a single molecular entity, a concept known as quasiequivalence.

Figure 1.2. Hierarchical self-assembly of constitutional isomeric libraries of quasiequivalent selfassembling dendrons and dendrimers via structural and retrostructural analysis of their periodic
and quasiperiodic assemblies. Reproduced with permission from Rosen, B. M.; Wilson, C. J.;
Wilson, D. A.; Peterca, M.; Imam, M. R.; Percec, V. Chem. Rev. 2009, 109, 6275–6540.
Structural analysis of macroscopic samples using X-ray diffraction of oriented fibers, reconstruction
of their electron density, and solid state NMR, allows determination of the quaternary structure of
these assemblies. However, the secondary and tertiary structures of self-assembling dendrons
cannot be directly observed. This intermediate stage of assembly focused around the tertiary
structure – how it is formed from molecules with a certain conformation and how multiple
supramolecular objects interact to generate periodic arrays – is the least well understood. Herein,
the robust retrostructural analysis methodology developed by the Percec laboratory, including
molecular modeling, simulation of X-ray diffraction, and complementary techniques including
2

circular dichroism and polarized birefringence studies, is applied to a variety of self-assembling
dendrons and dendrimers to further our understanding of the structural aspects surrounding the
formation of supramolecular assemblies from benzyl ether dendrons.
Chapter 2 compares the supramolecular helical polymerization of dendronized perylene bisimides
(PBI) based on nonchlorinated and tetrachlorinated cores. Distortion to the planarity of the PBI core
caused by chlorination decreases the symmetry of the molecules but increases the order of their
supramolecular assemblies. Chapter 3 extends the range of arylene bisimides to include not only
PBIs but also naphthalene and pyromellitic bisimides. Dendrons featuring environmentally tolerable
semifluorinated ether groups self-assemble into a diverse range of columnar assemblies.
Columnar assemblies are typically helical (Figure 1.2, middle row) and therefore may exhibit
chirality if a single handedness of the supramolecular helix is preferred. Not only is the generation
of supramolecular chirality of fundamental interest towards the question of biological homochirality,
but chiral structures may find utility in materials applications. However, the degree of order in
assemblies of chiral molecules usually decreases with decreasing enantiopurity. A classic example
is the comparison of liquid, atactic polypropylene with solid, isotactic polypropylene. Chapter 4
presents the self-assembly of a dendronized PBI functionalized with chiral alkyl chains.
Unexpectedly, these chiral PBIs self-organize into periodic columnar hexagonal arrays with almost
identical, single crystal-like order, irrespective of their molecular chirality. This chirality-invariant
assembly is unprecedented and is rationalized by a cogwheel model for self-assembly, which
proposes that alkyl chains lie parallel to the column axis, to maximize intercolumnar interactions
while obscuring the chirality of each constituent molecule.
The cogwheel model introduced in Chapter 4 is proposed to depend on various molecular
parameters, including the presence of branched methyl groups and the length of the peripheral
alkyl chain. However, the proposed cogwheel model is insufficient to rationalize why PBIs with only
linear chains do not exhibit the same high order phase. Chapter 5 addresses this gap in
understanding through a synthetic library of PBIs with sequence-defined dendrons. Defining a
sequence of only three units has a significant impact upon the assembly of these PBIs. A simulation
library approach is developed and applied to these sequence-defined PBIs to elaborate a more
3

detailed understanding of the cogwheel model. Chapter 6 extends this work to PBIs with alkyl
chains of various lengths.
In addition to columnar architectures, many quasiequivalent building blocks assemble into
supramolecular spherical assemblies, which enable the formation of 3D phases formed form
spheres such as body-centered cubic (BCC), Pm3̄n cubic (also known as Frank-Kasper A15),
P42/mnm tetragonal (Frank-Kasper σ), and dodecagonal liquid quasicrystals. These 3D phases
generated from spheres were first elucidated for metals and alloys by Frank and Kasper in 1958,
and were subsequently transplanted to complex soft matter by the Percec laboratory approximately
40 years later. Since then, these phases have been elaborated for a diverse range of soft matter
including block copolymers, surfactants, and tethered silsesquioxane cages. Chapter 7 introduces
the first example to our knowledge of a supramolecular sphere self-assembled from a PBI
derivative. A PBI dendronized with two second-generation dendrons self-organizes into a
crystalline columnar hexagonal array, two liquid crystalline columnar hexagonal arrays, and a BCC
phase. One of these liquid crystalline arrays is an unusual columnar structure in which the
supramolecular column is constructed from supramolecular spheres, as an intermediate phase
between an archetypal columnar phase and the BCC array. Chapter 8 reports another dendronized
molecule, based on cyclotetraveratrylene (CTTV), that also organizes into this columns-fromspheres phase. However, for the dendronized CTTV, the lack of any subsequent 3D phase made
from spheres means that the columns-from-spheres phase is generated as an independently stable
array.
Chapter 9 connects the structural motifs of spheres and columns and introduces supramolecular
orientational memory (SOM), which allows the generation of nanoscale architectures inaccessible
by any other means. The oriented columnar assembly of a dendronized cyclotriveratrylene (CTV)
transforms, upon heating, into a Pm3̄n cubic phase made of supramolecular spheres. Upon cooling,
columnar domains are re-formed, but their orientation is dictated by the directions of the preceding
cubic phase along which the supramolecular spheres had continuous columnar character. The
result is a reoriented columnar hexagonal structure in which individual domains are orthogonally
arranged with respect to each other. Chapter 10 expands the SOM concept to the sphere4

generating PBI from Chapter 7. The BCC phase generated by this PBI also exhibits reorientation,
but due to the different symmetry of the BCC phase compared to the Pm3̄n cubic phase, a
tetrahedral arrangement of supramolecular columns is obtained.
The retrostructural analysis methodology developed by the Percec laboratory facilitates the
understanding of structure in the bulk phase. However, assemblies in solution are less amenable
to analysis through this technique, limiting our ability to understand the link between structure and
function. Recently, cell membrane mimics assembled from Janus glycodendrimers, known as
glycodendrimersomes (GDSs), were shown to exhibit increased interaction with carbohydratebinding proteins (lectins) as the concentration of sugar on the GDS surface decreased. The
structural basis for this observation was unknown. Chapter 11 presents an approach to address
the structural of vesicles and other solution-based assemblies using detailed atomic force
microscopy (AFM) and fast Fourier transform of the AFM images to create diffraction-like data that
can be subjected to our retrostructural analysis methodology. This approach revealed that sugar
moieties on the surface of GDS membrane mimics segregate to form lamellar and hexagonal
nanomorphologies which may be responsible for the unexpected trend in reactivity.
The work contained in this dissertation was a collaborative effort with other members of Percec’s
laboratory as well as scientists across the world. Co-author lists are provided at the start of each
chapter to acknowledge their contributions.
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CHAPTER 2
Increasing 3D Supramolecular Order by Decreasing Molecular Order: A
Comparative Study of Helical Assemblies of Dendronized Nonchlorinated and
Tetrachlorinated Perylene Bisimides
(Adapted with permission from Partridge, B. E.; Leowanawat, P.; Aqad, E.; Imam, M. R.; Sun,
H.-J.; Peterca, M.; Heiney, P. A.; Graf, R.; Spiess, H. W.; Zeng, X.; Ungar, G.; Percec, V. J. Am.
Chem. Soc. 2015, 137, 5210–5224. Copyright 2015, American Chemical Society)

2.1

Introduction

Supramolecular assemblies of perylene bisimides (PBI) have been extensively studied for a wide
range of functions, such as industrial pigments,1 as mimics of biological systems2–4 and as n-type
semiconductors for organic electronics including solar cells. 5,6 Practical applications of these
systems are hampered by many issues, including poor solubility, high melting temperatures, air
sensitivity, difficult processability, low charge carrier mobilities and short charge carrier lifetimes. 1,6–
8

Furthermore, the kinetically controlled polymorphism of large PBI assemblies hinders their

structural analysis,9–11 especially by commonly-used single crystal X-ray diffraction analysis.
Functionalization of the bay positions of PBI with halogens including fluorine, chlorine and bromine
has been proven to address some of the limitations of non-halogenated PBI building blocks.5–7,12,13
In particular, halogenation increases the electron acceptor ability of PBI and extends the lifetime of
charge carriers.1,5–7,13–17 Indeed, the electronic properties of non-halogenated PBIs and
halogenated PBIs have been compared in many laboratories. 5,6,13–16 However, detailed
comparative studies of the complex supramolecular structures formed by the self-assembly of
planar and rigid nonchlorinated PBIs and non-planar twisted and flexible tetrachlorinated PBI
(Cl4PBI) are not available.
Percec’s laboratory has previously reported a series of non-halogenated PBI derivatives
functionalized at the imide positions with two first generation self-assembling minidendrons,
(3,4,5)nG1-m-PBI (where n is the number of carbons in the alkyl groups and m is the number of
methylenic units between the dendron and the imide group of PBI). 9–11 The PBI derivatives selforganized to form a range of 2D and 3D phases, of which the least encountered 3D thermodynamic
products are the most desirable for technological applications.11
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In this work the synthesis and structural analysis of five Cl 4PBI derivatives with n and m chosen to
promote thermodynamically controlled formation of 3D crystalline phases are reported.9–11 Cl4PBI
compounds were synthesized with m = 0, 1, 2, 3 and 2EO (where EO is ethylene oxide, –
CH2CH2O–), functionalized at their imide groups with first generation self-assembling dendrons
with either dodecyl groups (8a, 8b and 8c with m = 0, 1 and 2, respectively) or semifluorinated
groups, –CH4(CF2)7CF3 (denoted 12F8; 9 and 11 with m = 3 and 2EO, respectively), at the
periphery of the dendrons. A detailed structural study of the assemblies formed by these Cl4PBI
derivatives is described and compared with the self-assembling behavior of nonchlorinated PBI
derivatives. The Cl4PBI with m = 0, 1, 2 and semifluorinated dendrons are not discussed since their
phase transition temperatures are too high to be accessible for structural investigations. Knowledge
of the precise influence of tetrachlorination on the structural properties of PBI derivatives at the
molecular level, as elucidated here, will find utility in the future design of complex supramolecular
materials for a variety of applications.

2.2

Results and Discussion

2.2.1

Synthesis of Dendronized PBI and Semifluorinated Dendronized Cl 4PBI

The synthesis of the semifluorinated dendronized amine 6 is outlined in Scheme 2.1. The synthesis
of hydrogenated dendronized tetrachlorinated PBIs (3,4,5)12G1-m-Cl4PBI with m = 1, 2 and 3 (8a–
c) and semifluorinated dendronized tetrachlorinated PBIs (3,4,5)12F8G1-3-Cl4PBI (9) and
(3,4,5)12F8G1-2EO-Cl4PBI (11) is outlined in Scheme 2.2.
Methyl 3-(3,4,5-trihydroxyphenyl)propanoate 1 was synthesized according to a procedure
previously reported by Percec’s laboratory.18 Minidendron 2 was prepared in 77% yield via the
etherification of 1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl bromide that was synthesized as
reported previously19 with 1 in dry DMF with potassium carbonate as base. The dendritic carboxylic
ester 2 was reduced with LiAlH4 in dry THF to afford alcohol 3 in 85% yield. Preparation of amine
6 proceeded via bromination of 3 with carbon tetrabromide and PPh3 in dry CH2Cl2 to give bromide
4 in 84% yield, followed by treatment with sodium azide in dry DMF to give azide 5 in 75% yield.18
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Subsequent reduction of azide 5 by LiAlH4 in dry THF afforded the semifluorinated dendritic amine
6 in 88% yield.
Scheme 2.1. Synthesis of Semifluorinated Dendronized Amine 6a

a

Reagents and conditions: (i) C8F17(CH2)4Br, K2CO3, DMF (75 °C); (ii) LiAlH4, THF (0–25 °C);
(iii) CBr4, PPh3, CH2Cl2 (25 °C); (iv) NaN3, DMF (85 °C).
Tetrachlorination of perylene-3,4,9,10-tetracarboxylic dianhydride was achieved using a modified
literature procedure.20 Treatment of perylene-3,4,9,10-tetracarboxylic dianhydride (7a) with
chlorosulfonic acid and a catalytic amount of iodine for 20 h at 65 °C afforded tetrachlorinated 7b
in 94% yield. The hot reaction mixture was filtered to remove the insoluble unreacted starting
material and insoluble by-products to afford pure 7b. In contrast to poorly soluble red starting
material 7a, tetrachlorinated 7b is orange and shows moderate solubility in both THF and
chloroform.
PBI derivatives 8a, 8b and 8c were prepared by imidation of 7b in one step. Dianhydride 7b was
treated with dendritic amines 12a, 12b and 12c, all previously reported from Percec’s laboratory,9
and zinc acetate dihydrate in quinoline at 180 °C.10 Purification by column chromatography on silica
gel using CH2Cl2 as eluent, followed by precipitation in MeOH, afforded hydrogenated dendronized
tetrachlorinated PBI derivatives 8a, 8b and 8c in 69%, 84% and 98% yields, respectively. The same
procedure was employed to synthesize semifluorinated compound 9 in 64% yield from dianhydride
7b and semifluorinated dendritic amine 6.
Preparation of semifluorinated compound 11 with a di(ethylene oxide) linker was achieved in two
steps from dianhydride 7b. The ethylene oxide motif was first installed by treatment of 7b with
commercially available 2-(2-aminoethoxy)ethanol (13) and zinc acetate dihydrate in pyridine at
8

120 °C. Anhydride 10, thus obtained in 83% yield, was then coupled with dendritic carboxylic acid
14, previously reported from Percec’s laboratory19, via a Mitsunobu reaction. Treatment of 10 with
14, diisopropyl diazocarboxylate (DIAD) and PPh3 in dry THF, followed by purification by column
chromatography (silica gel, CH2Cl2 as eluent) and precipitation into MeOH afforded semifluorinated
dendronized tetrachlorinated PBI derivative 11 in 61% yield.
Scheme 2.2. Synthesis of Hydrogenated Dendronized Cl4PBIs 8a, 8b and 8c (m = 1, 2 and
3) and Semifluorinated Dendronized Cl4PBIs 9 (m = 3) and 11 (m = 2EO)

Reagents and conditions: (i) I2, chlorosulfonic acid (65 °C); (ii) 12a, b, c or 6, Zn(OAc)2∙2H2O,
quinoline (180 °C); (iii) 13, Zn(OAc)2∙2H2O, pyridine (120 °C); (iv) 14, PPh3, DIAD, THF (25 °C).
Figure 2.1 shows the 1H NMR spectra for the five Cl4PBI derivatives 8a–c, 9 and 11, which exhibit
signals pertaining to the protons of the perylene core (a), the aromatic protons of the dendron (b)
and the protons of the –OCH2– units in the dendritic alkyl groups (c). The chemical shift of the
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perylene-based aromatic protons (a) is very similar in all five compounds, indicating the minimal
electronic interaction between the PBI core and imide substituents, due primarily to a nodal plane
in the LUMO and HOMO of substituted PBIs.5 Also notable is the downfield shift (~0.4 ppm) of the
signal from the aromatic protons of the dendron (b) in compound 8b due to enhanced deshielding
by the adjacent methylene unit.

Figure 2.1. 1H NMR spectra (CDCl3, 500 MHz, 298 K) of hydrogenated dendronized
tetrachlorinated PBIs 8a, 8b and 8c (m = 0, 1 and 2) and semifluorinated dendronized
tetrachlorinated PBIs 9 (m = 3) and 11 (m = 2EO). Residual solvent peak (CHCl3) is denoted by an
asterisk.
2.2.2

Motivation for Incorporation of Semifluorinated Dendrons

Extensive studies from Percec’s laboratory have demonstrated that semifluorination of first19,21 and
higher22,23 generation self-assembling dendrons increases the thermal stability of their
supramolecular assemblies without affecting their supramolecular structure, with one exception, 24
even with very bulky25–28 apical substituents. In self-assembling dendrons with peripheral n-dodecyl
substituents, it has been demonstrated that substitution of eight out of the twelve methylenic units
with perfluorinated CF2 segments19 provides an optimum degree of semifluorination that enhances
the thermal stability of various supramolecular assemblies. These results were explained by the
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higher stiffness of linear perfluoroalkanes compared to perhydrogenated alkanes. 29 However,
nonlinear semifluorinated compounds can exhibit lower stability than analogous hydrogenated
compounds.30,31 It was expected that Cl4PBI with m = 0, 1, 2 and semifluorinated dendrons would
generate similar assemblies to those from Cl4PBI with m = 0, 1, 2 and hydrogenated dendrons.
However, due to their exceedingly high transition temperatures, structural analysis of the Cl4PBIs
with m = 0, 1, 2 and semifluorinated dendrons was not accessible.
The ability of semifluorinated substituents to increase phase transition temperatures was utilized in
Cl4PBIs with longer linkers. DSC data to be discussed later show that the thermal stability of Cl4PBIs
8a–c decreases with increasing linker length, and that the melting temperature of m = 2 compound
8c was already below that of interest for this study. Therefore, semifluorinated dendrons were
incorporated into m = 3 Cl4PBI compound, 9, to increase the thermal stability of its supramolecular
assemblies. For an even larger value of m, di(ethylene oxide), shown previously to promote
formation of crystalline phases,26 was chosen to replace the methylenic groups, affording the
semifluorinated Cl4PBI derivative 11 (m = 2EO).
2.2.3

Structural Analysis of Supramolecular Assemblies of Cl 4PBI Dendronized with

Hydrogenated Dendrons by Differential Scanning Calorimetry (DSC) and X-ray Diffraction
(XRD)
It was previously reported that nonchlorinated PBIs form crystalline phases via a kinetically
controlled process which is highly dependent on thermal treatment (i.e., rates of heating and
cooling, and periods of annealing).9,10 Thermodynamically controlled formation of 3D crystalline
phases was first discovered in Percec’s laboratory for a range of nonchlorinated dendronized PBI
derivatives.11 Whether an ordered periodic array is self-organized via a thermodynamically or
kinetically controlled process can be assessed by analysis of DSC experiments performed at
different rates.9–11 Thermodynamically controlled phase transitions show no scan rate dependence
and little supercooling, whereas transitions occurring via a kinetically controlled process show a
significant dependence on the scan rate and may show significant supercooling. 9–11 Figure 2.2
shows the DSC traces of first heating (left), first cooling (middle), and second heating cycles (right)
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obtained with scan rates of 10 °C/min and 1 ºC/min for the hydrogenated dendronized Cl4PBIs 8a–
c. The phases denoted in Figure 2.2 were identified via X-ray diffraction (XRD) experiments to be
discussed later.
In contrast to previously reported PBIs,9 which self-organize into 2D periodic arrays and 2D
assemblies with intracolumnar order, the current Cl4PBIs 8a–c form only 3D crystalline phases
below the isotropization temperature, Ti (Figure 2.2). This suggests that the Ti of the Cl4PBIs is
reduced by a sufficient extent as to bypass the temperature range in which 2D phases would be
formed. This also demonstrates the ability to develop intercolumnar correlations even at high
temperature, despite the lack of planarity in the PBI unit that results from chlorination of the
core.7,14–16 However, the Ti of the Cl4PBIs 8a–c is significantly lower than the Ti of the
nonchlorinated analogs, with a maximum difference of 149 °C for 8a. In previous studies, the full
phase behavior of the nonchlorinated m = 0 compound could not be investigated by XRD due to its
exceedingly high value of Ti (361 °C), that lies outside the temperature range of our X-ray
instrumentation. Tetrachlorination of the m = 0 compound lowers Ti to 212 °C, and therefore the
entire temperature range occupied by the assemblies of 8a is accessible for analysis by XRD (to
be discussed later). Thus, tetrachlorination facilitates the investigation of high temperature
assemblies in structurally-related nonchlorinated PBI derivatives whose supramolecular
assemblies occur at otherwise inaccessibly high temperatures. The decrease in Ti exhibited by
assemblies of 8a–c as compared to nonchlorinated analogs indicates that chlorination of the PBI
core destabilizes the thermal stability of the assemblies of PBI.
The elongation of the linker between dendron and PBI core also has notably different impacts on
Ti for PBI and Cl4PBI (Figure 2.1 and Table 2.1). The disparity in Ti between PBI and Cl4PBI
compounds becomes less marked as the number of methylene units between the dendron and PBI
core increases. Whereas Ti of m = 0 Cl4PBI compound 8a is 149 °C lower than that of the m = 0
PBI, this difference decreases to 119 °C for m = 1 and only 24 °C for m = 2. Furthermore, elongation
of the linker by one methylene unit from m = 1 to m = 2 in Cl4PBIs 8b and 8c has negligible impact
on Ti. Conversely, the nonchlorinated PBI with m = 1 has a Ti that is 91 °C higher than the
nonchlorinated PBI with m = 2. This smaller influence of linker length in the tetrachlorinated systems
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indicates that the spatial arrangement of the PBI core plays a more significant role in the thermal
behavior of Cl4PBI assemblies than in the behavior of nonchlorinated PBIs. A significant
contribution to the spatial arrangement of the Cl4PBI derivatives is the twisting of the PBI core
caused by steric and electronic repulsions between the chlorine atoms at the bay positions.7,14–16
Previous single crystal XRD studies have shown that the Cl4PBI core is twisted by 37° in
tetrachlorinated PBI derivatives,7 and that the degree of twisting is mostly invariant with respect to
the identity of the groups attached at the imide positions.7,15,16 This is in contrast to the planarity of
the PBI core in nonchlorinated PBI molecules.7
Four crystalline periodic arrays were identified for the Cl 4PBI m = 0 compound 8a (Figure 2.2).
Three of these arrays (Φc-ok1, Φc-ok2 and Φhk) are formed via thermodynamically controlled
transitions,11,31 as indicated by their invariant transition temperatures at differing scan rates
(compare Figure 2.2a with Figure 2.2b). A fourth phase, the tetragonal Φtetrak phase, is observed
only by scanning at a rate of 1 ºC/min (Figure 2.2b), and is therefore kinetically controlled.9–11,31
The two orthorhombic crystalline phases of 8a (Φc-ok1 and Φc-ok2) have similar supramolecular
column arrangements, and their structural difference most likely lies in the crystallization of the alkyl
matrix at low temperature. Interestingly, a hexagonal crystal phase (Φhk) was observed at high
temperature. The lattice symmetry of Φhk requires that the unit cell contains only one single column.
This implies that the supramolecular columns within a single crystal domain should possess
identical handedness and are therefore homochiral within that crystal domain. This further implies
that the crystal phase is likely a supramolecular conglomerate containing pure right-handed and
left-handed domains.32 The formation of four phases, three of which are formed under
thermodynamic control, contrasts with the formation of only a single low order crystalline phase via
a slow, kinetically controlled process in the nonchlorinated m = 0 compound. Therefore, chlorination
of the PBI core transforms the crystallization of the m = 0 system from kinetic9,10 to thermodynamic11
control. A similar molecule reported by the Würthner laboratory, featuring dodecyl (CH3(CH2)11–)
groups rather than dodecyloxy (CH 3(CH2)11O–) groups in the dendron, also exhibits multiple
crystalline phases during the first heating scan by DSC. 7 However, none of these phases are
thermodynamically controlled. In addition, Ti for the Würthner laboratory’s compound is 110 °C,
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over 100 °C lower than 8a (Ti = 211 °C). This comparison indicates that the minidendrons
containing alkoxy groups, with an ether oxygen, stabilize the supramolecular assembly more than
the minidendrons containing alkyl groups, without an ether oxygen.

Figure 2.2. DSC traces of hydrogenated dendronized Cl4PBIs 8a, 8b and 8c (m = 0, 1 and 2)
recorded with heating and cooling rates of (a) 10 °C/min and (b) 1 °C/min. Phases determined by
XRD, transition temperatures, and associated enthalpy changes (in parentheses in kcal/mol) are
indicated.
Only one crystal phase (Φs-ok) is exhibited by the Cl4PBI m = 1 compound 8b. This phase, formed
via a kinetically controlled process,9–11 is similar in its molecular and supramolecular arrangement
to the single phase exhibited by the nonchlorinated m = 1 compound (Figure 2.4). However, the
Φs-ok phase of the Cl4PBI can be generated during cooling at a rate of 10 °C/min (Figure 2.2a),
whereas formation of the crystalline phase in the nonchlorinated PBI analog requires slower cooling
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(1 °C/min) and annealing at room temperature for 3 h. Furthermore, the melting temperature of the
crystalline phase of the Cl4PBI (106 °C) is significantly higher than that of the nonchlorinated
compound (36 °C). These data highlight the unexpected ability of the Cl4PBI core to enhance
crystalline order through molecular disorder in the m = 1 system.
Cl4PBI and PBI with m = 2 exhibit a low temperature orthorhombic crystal phase formed under
kinetic control.9–11 This phase is obtained with a cooling rate of 10 °C/min (Figure 2.2a) in the Cl4PBI
m = 2 compound but could only be developed in a narrow range of temperature (91–101 °C) with
slow heating (1 °C/min) in the corresponding nonchlorinated PBI. The m = 2 Cl4PBI 8c also has a
thermodynamically controlled 3D monoclinic crystalline phase at higher temperature. No such
phase is exhibited by the nonchlorinated PBI.

Figure 2.3. DSC traces of semifluorinated dendronized tetrachlorinated PBIs 9 (m = 3) and 11 (m
= 2EO) recorded with heating and cooling rates of (a) 10 °C/min and (b) 1 °C/min. Phases
determined by XRD, transition temperatures, and associated enthalpy changes (in parentheses in
kcal/mol) are indicated.
All three hydrogenated dendronized Cl4PBIs exhibit crystalline phases during cooling at a rate of
10 °C/min (Figure 2.2a). Thermodynamically controlled crystallization11 was observed in the m = 0
and m = 2 compounds. In contrast, all crystalline phases in the nonchlorinated counterparts are
kinetically controlled and none of them can be detected by DSC with a cooling rate of 10 °C/min or
faster. Therefore, unpredictably, chlorination of the bay position of the PBI core transforms the PBI
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into a non-planar twisted molecule7,15,16 that stabilizes 3D crystalline phases and encourages their
formation under thermodynamic control.11
Table 2.1. Thermal Analysis of Hydrogenated Dendronized Cl 4PBIs 8a, 8b and 8c (m = 1, 2
and 3) and Semifluorinated Dendronized Cl4PBIs 9 (m = 3) and 11 (m = 2EO)
Compound

Rate
(ºC/min)
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Phases, transition temperatures (°C) and corresponding enthalpy changes
(in parentheses, kcal/mol)
Heatinga
Cooling

Φc-ok1 –b hk 210 (4.20) i
i 200 (–4.20)  hk –b c-ok1 –0.5 (–
k2
k1
b
k
c-o 10 (1.71) c-o –  h 211
1.89) c-ok2
1
(4.20) i
Φc-ok1 –b hk 211 (4.38) i
i 207 (–4.66)  hk –b tetrak –b c–ok1
k2
k1
b
k
b
c-o 10 (1.66) c-o – tetra –
4 (–1.35) c-ok2
k
h 212 (4.40) i
8b (m = 1)
10
s-ok 107 (7.23) i
i 67 (–5.62) s-ok
s-ok 105 (6.37) i
1
i 76 (–8.84) s-ok
s-ok 106 (10.27) i
k
s-o 106 (10.45) i
8c (m = 2)
10
c-ok 73 (7.43)  mk 109 (5.63) i
i 92 (–5.09) mk –b c-ok
c-ok 75 (5.65)  mk 108 (5.89) i
1
i 88 (–5.90) mk 50 (–9.92) c-ok
c-ok 81 (12.28) mk 109 (4.02) i
k
k
c-o 82 (11.96) m 110 (5.31) i
9 (m = 3)
10
mk 118 (27.37) i
i 88 (–1.20) h
h 99 (1.17) i
1
i 95 (–0.71) h
mk 117 (15.53) i
h 98 (0.72) i
11 (m =
10
hio(hc) 146 (0.46) i
i 141 (–0.39)  hio(hc) – b  hio(hc)
2EO)
hio(hc) 146 (0.49) i
1
i 144 (–0.46)  hio(hc) – b  hio(hc)
hio(hc) 145 (0.16) i
io
h (hc) 145 (0.42) i
a Data from the first heating and cooling scans are on the first line, and data from the second heating are on
the second line; Φc-ok – columnar crystalline centered orthorhombic phase; Φhk – columnar crystalline
hexagonal phase; Φtetrak – columnar crystalline tetragonal phase; Φs-ok – columnar crystalline simple
orthorhombic phase; Φmk – columnar monoclinic crystalline phase; Φh – 2D columnar hexagonal phase;
hio(hc) – honeycomb-like 2D hexagonal phase with intracolumnar order; i – isotropic state; b This transition
is observed by XRD. Note: quantitative uncertainties are ±1 ºC for thermal transition temperatures and ~2%
for the associated enthalpy changes reported in kcal/mol.
8a (m = 0)

2.2.4

Structural Analysis of Supramolecular Assemblies of Cl 4PBI Dendronized with

Semifluorinated Dendrons by DSC and XRD
DSC traces of first heating (left), first cooling (middle), and second heating cycles (right) obtained
with scan rates of 10 °C/min and 1 ºC/min for the semifluorinated dendronized PBIs 9 (m = 3) and
11 (m = 2EO) are shown in Figure 2.3. Neither compound exhibited a persistent 3D crystalline
phase by DSC at scan rates of 10 °C/min (Figure 2.3a) and 1 °C/min (Figure 2.3b). The longer
spacer length between the dendron and PBI core, and the presence of semifluorinated alkyl chains,
completely suppresses intercolumnar correlations. The supramolecular columns assembled from
m = 3 compound 9 generate a 2D hexagonal Φh array under thermodynamic control,11 similar to
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the nonchlorinated hydrogenated m = 3 counterpart. However, the 2D Φh phase is the only phase
exhibited by 9, showing that tetrachlorination of the PBI core eliminates completely the kinetically
controlled formation of the Φs-ok phase observed in the nonchlorinated hydrogenated m = 3
compound. The compound with m = 2EO (11) self-assembled into an uncommon honeycomb-like
2D hexagonal structure (Φhio(hc)). The Φhio(hc) phase is the only phase exhibited by 11 and is
formed under thermodynamic control.11 Unlike other columnar phases, in which the center of each
column consists of stacked PBI cores, the columns of the Φhio(hc) phase contain aggregated
semifluorinated alkyl chains at their center (to be discussed in more detail later). The phase
behavior and transition temperatures of 8a–c, 9, and 11, as determined by DSC and XRD, are
summarized in Table 2.1.
2.2.5

Structural Analysis of Cl4PBIs Dendronized with Hydrogenated Dendrons by Small-

(SAXS) and Wide-Angle X-ray Scattering (WAXS)
The self-assembled structures of the dendronized Cl 4PBIs reported in Figure 2.2 and Figure 2.3
were determined by the analysis of their SAXS and WAXS patterns recorded as a function of
temperature. Heating and cooling rates of 10 °C/min and 1 °C/min were employed to reproduce the
experimental conditions applied in the DSC measurements.
Figure 2.4 shows the SAXS (Figure 2.4a–d) and WAXS (Figure 2.4e–h) patterns together with the
corresponding indexing of the reflections and lattice parameters of the 3D periodic arrays
assembled from m = 0 Cl4PBI compound 8a. Combined with the measured density at room
temperature (1.09 g/cm3) and the lattice volume, it was determined that the supramolecular
columns in all observed crystal structures are constructed with only one dendronized PBI molecule
in each column stratum. In the low temperature Φc-ok1 and Φc-ok2 phases, there are two columns in
the unit cell, while in the high temperature Φtetrak and Φhk phases there is only one column in the
unit cell, implying that helical columns in a single crystal domain are homochiral. 32 Although the
small angle diffraction patterns differ substantially between phases, indicating different
intercolumnar arrangements, the high similarity of the wide angle patterns (Figure 2.4e–h) suggests
that the intracolumnar order and – stacking distance are similar for all phases exhibited by 8a.
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In the wide-angle patterns, a strong meridional reflection with a d-spacing of 4.2 Å can be observed
in all phases, representing the – stacking distance between adjacent molecules. The phase
behavior exhibited by the assembly of 8a contrasts with previous work from the Würthner
laboratory, which observed only one phase transition below the isotropic state. 14 This phase was
assigned as 2D liquid crystalline by these authors. The more detailed phase behavior elucidated
here demonstrates the utility of our combined DSC and XRD structural analysis methodology.

Figure 2.4. Small angle (a–d) and the corresponding wide-angle (e–h) X-ray diffraction patterns
obtained from oriented fibers of hydrogenated tetrachlorinated PBI 8a (m = 0) at indicated
temperature and phase. Fiber axis, reflection indexing, temperature, phase, and lattice dimensions
are indicated.
Figure 2.5 shows the SAXS and WAXS patterns and the corresponding reflection indexing and
lattice parameters of the periodic arrays assembled from Cl 4PBI compounds 8b (Figure 2.5a, e),
8c (Figure 2.5b, c, f, g) and 9 (Figure 2.5d, h). A simple orthorhombic (Φs-ok) unit cell was identified
for m = 1 compound 8b (Figure 2.5a, e) with an intracolumnar – stacking distance of 4.3 Å. The
columns are constructed by the stacking of dimers with one molecule per column stratum such that
two dimers form a repeating unit along the column direction (c-axis) to give a c-axis length of 17.2 Å
(Figure 2.7d).
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Figure 2.5. Small angle and the corresponding wide-angle X-ray diffraction patterns obtained from
oriented fibers of hydrogenated tetrachlorinated PBIs (a, e) 8b (m = 1) and (b, c, f, g) 8c (m = 2).
Powder (d) and fiber (h) XRD patterns of semifluorinated tetrachlorinated PBI 9 (m = 3) from the as
prepared phase and the Φhio phase, respectively. Fiber axis, reflection indexing, temperature,
phase, and lattice dimensions are indicated.
Cl4PBI with m = 2 (8c) generates two crystalline periodic arrays. At high temperature (above 75 ºC),
a thermodynamically controlled11 monoclinic (Φmk) phase was obtained with an intracolumnar π–π
stacking distance of 4.3 Å (Figure 2.5b, f). At low temperature (below 75 ºC), a kinetically
controlled9–11 centered orthorhombic (Φc-ok) crystalline phase was observed with an identical
intracolumnar stacking distance of 4.3 Å (Figure 2.5c, g). The sharper reflections in the Φc-ok phase
compared to the Φmk phase indicate that the low temperature Φc-ok phase, although kinetically
controlled, possesses a higher degree of long range order (i.e., longer correlation lengths) than the
thermodynamically controlled11 high temperature Φmk phase.
Semifluorinated compound 9 forms a monoclinic (Φmk) crystalline phase which is obtained only by
precipitation from solution (Figure 2.5d). The columns are constructed by the stacking of tetramers
with two molecules per column stratum (Figure 2.6d and later discussion), and the column
arrangement in this crystalline phase is slightly distorted from perfect hexagonal symmetry. Upon
heating to the isotropic state, the Φmk crystalline phase cannot be recovered by subsequent cooling
and heating treatments. Instead, a 2D ordered hexagonal (Φh) array is obtained. The intracolumnar
π–π stacking distance between molecules of 9 in both phases is 5.1–5.3 Å (Figure 2.5d, h). The
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detailed structural analysis data obtained from the fiber XRD experiments are summarized in
Table 2.2, and the d-spacings of each reflection observed in the 2D and 3D periodic arrays are
listed in Table 2.3.
Table 2.2. XRD Analysis, Experimental Density and Molecular Weight of Hydrogenated
Dendronized Tetrachlorinated PBIs 8a–c (m = 0, 1, 2) and Semifluorinated Dendronized
Cl4PBIs 9 (m = 3) and 11 (m = 2EO)
Compound

T (°C)

Phase a

8a (m = 0)

190

Φhk

125

Φtetrak

40

Φc-ok1

–10

Φc-ok2

8b (m = 1)

20

Φs-ok

8c (m = 2)

70

Φmk

20

Φc-ok

20

Φmk h

20

Φh

20

hio(hc)

9 (m = 3)

11 (m =
2EO)

a, b, c (Å)
, ,  b
28.8, 28.8, 25.2
90, 90, 120
37.0, 37.0, 25.2
90, 90, 90
37.3, 35.1, 25.1
90, 90, 90
38.2, 33.1, 25.1
90, 90, 90
47.3, 27.2, 17.3
90, 90, 90
37.5, 39.0, 12.7
90, 90, 116
53.1, 48.8, 12.9
90, 90, 90
42.5, 30.4, –
90, 90, 118
43.1, 43.1, –
90, 90, 120
49.5, 49.5, –
90, 90, 120

hio(hc)

Dcol (Å) c

t (Å) d

 e (g/cm3)

Mwt f

g

28.8

4.2

1.09

1786.2

1

26.2

4.2

1

25.6

4.2

1

25.3

4.2

1

27.2

4.3

1.09

1814.3

1

37.5

4.2

1.10

1842.3

2

36.1

4.3

42.5

5.3

43.1

5.1

49.5

5.2

2
1.70

3705.4

2
2

1.73

3853.5

3

47.5, 47.5, –
47.5
5.5
3
90, 90, 120
a Phase notation: Φ k – columnar crystalline hexagonal phase; Φ
k
h
tetra – columnar crystalline tetragonal phase;
Φc-ok – columnar crystalline centered orthorhombic phase; Φs-ok – columnar crystalline simple orthorhombic
phase; Φmk – columnar monoclinic crystalline phase; Φh – 2D columnar hexagonal phase with intracolumnar
order; Φhio(hc) – 2D honeycomb-like hexagonal phase with intracolumnar order; b Lattice parameters
determined by fiber and powder XRD. c Column diameter calculated using: Dcol = a for Φh, Φhio(hc), Φhk and
Φmk, and Dcol = a / [2cos(tan–1(b/a))] for Φc-ok. d Stratum thickness calculated from the meridional pattern. e
Experimental density measured at 20 C. f Molecular weight of the compound. g Average number of
dendrimers forming the supramolecular column stratum, calculated using:  = NAAt / 2Mwt, where A is the
unit cell area of the ab-plane, and t is the average strata thickness calculated from the meridional pattern. h
Phase observed only in as prepared sample during first heating.
120

20

Table 2.3. XRD Analysis of Hydrogenated Dendronized Tetrachlorinated PBIs 8a–c (m = 0,
1, 2) and Semifluorinated Dendronized Tetrachlorinated PBIs 9 (m = 3) and 11 (m = 2EO)

Compound

T
(°C)

Phase a

a, b, c (Å)
, ,  b

190

Φhk

125

Φtetrak

40

Φc-ok1

–10

Φc-ok2

8b (m = 1)

20

Φs-ok

47.3, 27.2, 17.3
90, 90, 90

8c (m = 2)

70

Φmk

20

Φc-ok

37.5, 39.0, 12.7
90, 90, 116
53.1, 48.8, 12.9
90, 90, 90

8a (m = 0)

28.8, 28.8, 25.2
90, 90, 120
37.0, 37.0, 25.2
90, 90, 90
37.3, 35.1, 25.1
90, 90, 90
38.2, 33.1, 25.1
90, 90, 90

37.2, 26.3, 18.6, 13.2, 15.1, 14.0

d

37.3, 25.6, 18.7, 17.6, 12.8, 11.7, 11.2, 20.4,
17.9, 15.0, 8.9, 8.5 e
38.2, 25.0, 19.1, -, 12.5, 11.9, 10.6, -, 17.8,
15.2, -, 8.3 e
16.6, 9.6, 8.3, 21.0, 13.8, 8.1 f
47.3, 27.2, 23.6, 23.7, 17.9, 15.8, 13.1, 11.8,
10.9, 10.3 g
10.4, 9.8, 8.7, 8.3, 7.2, 7.0 h
33.7, 16.9, 13.3, 12.5, 11.2, 10.8, 6.4 i
35.9, 26.6, 24.4, 14.3, 13.3, 11.1, 8.9, 7.6, 7.2,
6.6, 12.9, 12.1, 11.2 j
6.9, 5.9, 5.6, 4.9, 4.7, 6.5, 6.1, 5.8, 5.5, 4.4 k
37.5, 29.2, 26.8, 18.8, 18.2, 15.1, 14.6, 14.2,
12.8, 10.3, 10.1 l
37.3, 21.6, 18.7, 14.1 m

42.5, 30.4, –
90, 90, 118
20
Φh
43.1, 43.1, –
90, 90, 120
11 (m = 2EO)
20
42.9, 24.8, 21.4, 16.2 m
hio(hc) 49.5, 49.5, –
90, 90, 120
120
41.2, 23.8, 20.6, 15.6 m
hio(hc) 47.5, 47.5, –
90, 90, 120
a Phase notation: Φ k – columnar crystalline hexagonal phase; Φ – 2D columnar hexagonal phase with
h
h
intracolumnar order; Φhio(hc) – 2D tiled hexagonal phase with intracolumnar order; Φtetrak – columnar
crystalline tetragonal phase; Φc-ok – columnar crystalline centered orthorhombic phase; Φs-ok – columnar
crystalline simple orthorhombic phase; Φmk – columnar monoclinic crystalline phase; b Lattice parameters
determined from fiber and powder X-ray diffractions. c experimental diffraction peaks d-spacing for the Φhk
phase. d experimental diffraction peaks d-spacing for the Φtetrak phase. e, f, ,j, k experimental diffraction peaks
d-spacing for the Φc-ok phase. g,h experimental diffraction peaks d-spacing for the Φs-ok phase. i, l experimental
diffraction peaks d-spacing for the Φmk phase. m experimental diffraction peaks d-spacing for the Φhio and
Φhio(tile) phase. n Phase observed only in as prepared samples during first heating.
9 (m = 3)

20

Φmk n

d100, d110, d200, d210, d001, d101 (Å) c
d100, d110, d200, d220, d201, d211 (Å) d
d100, d110, d200, d020, d220, d310, d130, d011, d111,
d201, d222, d032 (Å) e
d210, d400, d420, d101, d211, d132 (Å) f
d100, d010, d110, d200, d210, d300, d120, d220, d410,
d320 (Å) g
d121, d221, d002, d012, d122, d402 (Å) h
d100, d200, d120, d2-30, d300, d3-30, d002 (Å) i
d110, d200, d020, d320, d400, d240, d530, d700, d640,
d810, d001, d111, d121 (Å) j
d061, d811, d831, d581, d681, d002, d222, d402, d432,
d662, d482 (Å) k
d100, d1-10, d010, d200, d110, d1-20, d2-20, d3-10,
d210, d4-20, d2-30 (Å) l
d10, d11, d20, d21 (Å) m
25.2, 14.6, 12.6, 9.5, 19.1, 15.2 c

Figure 2.6 shows and compares the simplified supramolecular columnar structures formed by
tetrachlorinated PBIs 8a–c and 9 and their nonchlorinated analogs. Figure 2.7 shows the detailed
molecular and supramolecular columnar models of the Cl4PBI derivatives. In the models in Figure
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2.6, the pink spheres indicate the chlorine atoms. The PBI cores (green rectangle) of the Cl 4PBI
compounds are distorted because of the steric hindrance and electronic repulsion between
adjacent chlorine atoms at the bay position (Figure 2.7a). This distortion is usually in the range
35°–37° for Cl4PBIs and shows little dependence on the identity of the groups attached to the imide
positions of the Cl4PBI core.7,15,16 This contrasts the nonchlorinated functionalized PBI cores which
are planar and typically exhibit a π–π stacking distance of 3.34–3.55 Å in the solid state.33

Figure 2.6. Schematic illustration of the structure of the supramolecular columns self-assembled
from (a) tetrachlorinated 8a (m = 0) and nonchlorinated (3,4,5)12G1-0-PBI, (b) tetrachlorinated 8b
(m = 1) and nonchlorinated (3,4,5)12G1-1-PBI, (c) tetrachlorinated 8c (m = 2) and nonchlorinated
(3,4,5)12G1-2-PBI and (d) semifluorinated tetrachlorinated 9 (m = 3) and hydrogenated
nonchlorinated PBI (3,4,5)12G1-3-PBI.
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The supramolecular columns self-assembled from Cl4PBI m = 0 compound 8a are constructed from
dimers (Figure 2.7b) while those self-assembled from the nonchlorinated m = 0 compound are
constructed from tetramers (Figure 2.6a). The spacing between dimers in both crystal phases
formed by 8a have a uniform intra- and inter-dimer stacking distance of 4.2 Å (Figure 2.7c). Three
dimers form a repeat unit along the column direction (c-axis) to generate a c-axis length of 25.2 Å
(Figure 2.7d). The relative rotation between neighboring dimers is around 60º. In the nonchlorinated
m = 0 compound, the columns are formed of tetramers with an inter- and intra-tetramer distance of
4.8 Å. This larger spacing is most likely due to the out-of-plane rotation of the aromatic rings
attached to the PBI core in the nonchlorinated system, leading to greater steric hindrance between
column strata and thus to a larger π–π stacking distance.9 The lack of significant out-of-plane
rotation of the aromatic ring with respect to the Cl4PBI core in 8a, most likely due to the reduced
planarity of the Cl4PBI core, eliminates the steric hindrance observed in the nonchlorinated system
and thus permits closer contact between adjacent column strata in the supramolecular columns
formed by 8a. The relative rotation between neighboring tetramers is 90º, leading to a c-axis length
of 19.3 Å.
The supramolecular columns of both tetrachlorinated and nonchlorinated compounds with m = 1
are constructed by dimers with similar intra- and inter-column arrangements. However, whereas
neighboring molecules in the columns of the nonchlorinated compound face the same direction,
those in the columns of Cl4PBI compound 8b have alternate orientations (Figure 2.6b). The interand intra-dimer distance in 8b are both 4.3 Å (Figure 2.7c,d), which is slightly larger than that found
in the nonchlorinated analog (3.5 Å). The difference in molecular stacking distance is most likely
attributable to the twisted Cl4PBI core and gives a larger c-axis length in 8b of 17.2 Å (Figure 2.7d).
The relative rotation between neighboring dimers is 180º so that two dimers form a repeat unit
along the c-axis.
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Figure 2.7. The influence of spacer length on the architecture of supramolecular columns selfassembled from hydrogenated dendronized PBIs 8a–c (m = 0, 1, 2) and semifluorinated
dendronized PBI 9 (m = 3). (a) Molecular model of the aromatic core region. (b) Top and (c) side
views of the supramolecular structures determined by XRD analysis and simulation. (d) Molecular
models of the supramolecular columns self-assembled from 8a–c and 9. The c-axis length and
helical rotation parameters are indicated. Color code: O atoms, red; H atoms, white; N atoms, blue;
Cl atoms, pink; C atoms of the PBI, green; C atoms of the dendron phenyl group, orange and light
blue; all other C atoms, gray. Alkyl chains omitted for clarity.
Although both tetrachlorinated and nonchlorinated compounds with m = 2 generate 3D columnar
crystalline orthorhombic periodic arrays (Φc-ok and Φs-ok, respectively), their supramolecular
columnar structures are quite different. In the nonchlorinated compound, the columns are
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constructed by stacking of tetramers of molecules with alternating orientation and with non-uniform
inter- and intra-tetramer distance (3.5 and 4.0 Å, respectively), and possess an off-center helical
rotation (Figure 2.6c). In Cl4PBI 8c, although columns still have two molecules per column as in the
nonchlorinated counterpart, the molecule pairs in each stratum do not form tetramers and the
stacking distance is uniform (4.3 Å) between adjacent strata. The rotation between adjacent strata
is about 60º (Figure 2.7d). The observations by DSC that the Φc-ok phase of 8c can be developed
much more easily than the Φs-ok phase of the nonchlorinated analog and is stable over a much
wider temperature range implies that the packing in 8c leads to more favorable intercolumnar
correlations.
2.2.6

Structural Analysis of Cl4PBIs Dendronized with Semifluorinated Dendrons by SAXS

and WAXS
The semifluorinated Cl4PBI m = 3 compound (9) does not generate a crystalline phase after its first
heating to the isotropic state, most likely due to the increased conformational freedom of the
elongated spacer and the stiffness of the semifluorinated alkyl chains at low temperatures. The
supramolecular columns in both 9 and a nonchlorinated m = 3 compound with hydrogenated
dendrons, (3,4,5)12G1-3-PBI, are constructed by the stacking of tetramers (Figure 2.6d). As in the
m = 2 systems, the tetrachlorinated m = 3 compound (9) exhibits a larger, uniform inter- and intratetramer stacking distance (5.3 Å) whereas the nonchlorinated compound has smaller, non-uniform
inter- and intra-tetramer distances (3.5 and 4.1 Å, respectively). In summary, the chlorination of the
PBI core results in a twist of the PBI motif,7,15,16 leading to a larger π–π stacking distance in the
bulk state than is typical of nonchlorinated PBIs, and a decrease in Ti of over 100 ºC for 8a (m = 0)
and 8b (m = 1) and 25 ºC for 8c (m = 2).
Fiber XRD patterns of 11 (m = 2EO) at low temperature and high temperature are shown in Figure
2.8a and Figure 2.8c, respectively, and their corresponding reconstructed 2D electron density maps
are also provided (Figure 2.8b, d). Electron density maps were reconstructed from XRD data using
a method consistent with previous studies (see Appendix to Chapter 2 and worked example in ref.
31).31 The molecular conformation in the lattice and a schematic illustration of its hexagonal array
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are shown in Figure 2.8e. This compound forms an uncommon honeycomb-like 2D hexagonal array
with three molecules in one unit cell. We speculate that the formation of the honeycomb-like
structure is a consequence of the extremely flexible ethylene glycol linker between the Cl4PBI core
and the semifluorinated dendrons. The flexibility of this linker permits aggregation of the
semifluorinated alkyl chains in the center of the supramolecular columns while the PBI cores are
located at the periphery of the columns (Figure 2.8e). In fact, this honeycomb-like structure bears
a lot of similarities to the honeycomb-like liquid crystalline phases exhibited by T-, X-, and anchorshaped molecules.34,35 In those phases, the rigid aromatic cores of the constituent molecules form
the walls of polygonal-shaped columns whose interiors are occupied by flexible side groups.34,35

Figure 2.8. XRD patterns of semifluorinated dendronized PBI 11 (m = 2EO) in the 2D honeycomblike hexagonal phase (Φhio(hc)) collected from an oriented fiber at (a) 20 ºC and (c) 120 ºC. (b, d)
The corresponding reconstructed electron density maps. (e) Schematic illustration of the
honeycomb-like hexagonal array. (f) Top views of the aggregation of alkyl side chains at low and
high temperatures. Gray chains denote –CH2– units and green chains denote –CF2– units. (g)
Temperature dependent 1D plots of the XRD patterns collected at the indicated temperatures
during cooling from the isotropic state.
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At low temperatures, the –CF2– units and –CH2– units on the alkyl chains are well phase-separated
(Figure 2.8f, top), and therefore the center of columns shows very high electron density (Figure
2.8b). At high temperatures, this phase separation between –CF2– and –CH2– units is less evident
due to larger thermal fluctuations (Figure 2.8f, bottom), and the consequent mixing of the two types
of unit leads to a smaller column diameter and a decrease in electron density at the center of the
columns (Figure 2.8d). Furthermore, the relative difference in electron density between the PBI
core-based periphery and the alkyl chain-based column interior becomes smaller. This decrease
in the degree of segregation was not detectable by DSC. Indeed, the change in alkyl chain phase
segregation is a continuous process, as evidenced by temperature-dependent XRD experiments,
which show a continuous change in the relative intensities of the relevant observed reflections
(Figure 2.8g).
2.2.7

A Comparative Analysis of the Complex Helical Assemblies of Dendronized PBI and

Cl4PBI
Figure 2.9 depicts the molecular structure, supramolecular columnar structure, phase diagram and
the columnar periodic arrays determined by the combination of DSC and XRD for both PBIs and
Cl4PBIs with different spacer length (m) and hydrogenated or semifluorinated dendrons. Cl4PBI
compounds 8a–c, 9 and 11 all exhibit lower Ti values than the corresponding nonchlorinated
compounds (Figure 2.9b). For m = 0 compound 8a, the lowering of Ti by tetrachlorination of the
PBI core enabled, for the first time, XRD analysis of its phases across the entire temperature range
of its non-isotropic behavior. For Cl4PBI compounds 8b, 8c and 9, Ti lies within a narrow range of
temperature (98–110 °C). Compound 11 with m = 2EO has a higher Ti value of 145 °C.
The molecular arrangements within the supramolecular columns formed by 8a–c and 9 are
remarkably similar to the molecular arrangements exhibited by their nonchlorinated PBI
counterparts (Figure 2.9a). In compounds with m = 1, 2 and 3 (8b, 8c and 9, respectively), the
composition of strata within the supramolecular assembly is invariant with respect to
tetrachlorination of the PBI core, that is, there is one molecule per stratum in both nonchlorinated
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and tetrachlorinated m = 1 compounds and two molecules per stratum in m = 2 and 3 compounds.
Only in the m = 0 compounds does the number of molecules per column stratum differ.

Figure 2.9. (a) Comparison of the supramolecular packing of dendronized nonchlorinated PBIs and
dendronized Cl4PBIs. (b,c) Diagram of the periodic arrays as a function of m, R, and temperature
for (b) dendronized nonchlorinated PBIs and (c) dendronized Cl 4PBIs. Data obtained from DSC
and XRD analysis at indicated heating rate. (d) Schematic illustration of the arrangement of
supramolecular columns in 2D and 3D lattices self-assembled from dendronized nonchlorinated
and Cl4PBIs. Phase notation: Φhk – columnar hexagonal crystalline phase; Φhio – 2D columnar
hexagonal phase with intracolumnar order; Φh – 2D columnar hexagonal phase; Φc-ok – columnar
centered orthorhombic crystalline phase; Φs-ok – columnar simple orthorhombic crystalline phase;
Φmk, Φmk1 – columnar monoclinic crystalline phase; Φtetrak – columnar tetragonal crystalline phase;
Φhio(hc) – honeycomb-like 2D hexagonal phase; iso. – isotropic state.
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The major difference between the structure of the columns self-assembled from tetrachlorinated
and nonchlorinated PBI derivatives is the π–π stacking between column strata. In contrast to the
nonchlorinated m = 2 and 3 compounds, which exhibit different inter- and intra-tetramer stacking
distances, the distance between column strata in 8a–c and 9 is uniform throughout the column.
Furthermore, the stacking distance is almost constant for compounds 8a–c (4.2–4.3 Å), which
contrasts with the differing stacking distances exhibited by nonchlorinated m = 0, 1 and 2
compounds (3.5–4.8 Å). In supramolecular columns formed from 8b, 8c and 9, the π–π stacking
distance is larger than in columns formed from the corresponding nonchlorinated PBIs, perhaps
because of the twisting of the PBI core caused by tetrachlorination. 7,15,16 However, the
tetrachlorinated m = 0 compound (8a) exhibits a significantly lower π–π stacking distance than the
nonchlorinated compound (4.2 Å versus 4.8 Å). In the nonchlorinated compound, the aromatic rings
of the dendron are twisted out of the plane of the PBI core, thus inducing steric hindrance between
column strata in the nonchlorinated system.9 This steric hindrance is not present in the
tetrachlorinated system, permitting closer contact between adjacent strata and thus a smaller π–π
stacking distance.
Despite the similarities between the structures formed from Cl4PBI and PBI derivatives,
tetrachlorinated compounds 8a–c form supramolecular structures with higher order than those
formed by nonchlorinated analogs (Figure 2.9b, c).

Indeed, compounds 8a–c exhibit only

crystalline phases below Ti, in sharp contrast to the Φhio phase exhibited most commonly by the
nonchlorinated compounds.
Previous work with nonchlorinated dendronized PBI derivatives demonstrated, 9–11 for the first time,
the thermodynamically controlled11 formation of 2D and 3D periodic arrays. The tetrachlorinated
compounds 8a–c described in this report demonstrate the thermodynamically controlled formation
of exclusively 3D periodic arrays. Furthermore, these compounds provide a new route to stable 3D
crystalline phases via thermodynamic control at lower temperatures, thus providing crystalline order
in an accessible range of temperature potentially of interest for technological applications.
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2.2.8

Solid State NMR Studies on Dendronized Cl4PBI with m = 0, 8a

The induction of higher order in the supramolecular assemblies of the less well ordered, non-planar,
twisted and flexible Cl4PBI molecular building block is particularly intriguing. Solid state NMR can
probe the packing of the building blocks in supramolecular structures on the molecular level36 and
can therefore verify the structures derived from XRD. In most cases (Figure 2.9a), the PBI
molecules form tetramers constructed from dimers with two molecules packed side by side, and
adjacent dimers rotated by approximately 90°.9–11 This packing leads to pronounced shifts of
several ppm (from ~6 ppm to ~9.5 ppm) in the 1H NMR signals of the PBI aromatic sites for
compounds with m = 0 to 4 (see Figure 22 in ref. 7).9 In contrast, m = 0 Cl4PBI compound 8a forms
dimers of two Cl4PBI molecules perpendicular to each other. These dimers pack into columns in
which neighboring dimers are rotated by about 60°. For such packing, no shifts for the aromatic
protons of the Cl4PBI core are expected as deduced from quantum chemical calculations. 37
Moreover, the core protons of 8a, which have intramolecular distances as large as 7 Å, exhibit
intradimer distances of 4.2–4.3 Å only.
Such a structure can be conveniently probed by 1H–1H Double Quantum (DQ) NMR, where the
core protons will give rise to strong diagonal peaks.38,39 This is indeed observed (Figure 2.10; 1tr,
where tr is a rotor time period). This well resolved spectrum differs remarkably from that of the
nonchlorinated m = 0 PBI counterpart in which the spectral features are broad and unresolved
(Figure 2.10b). Even the proton signals of the Cl4PBI core at 7.6 ppm are resolved from the signals
of the proton in the outer phenyl rings at 7.2 ppm. Thus, the different packing leads to markedly
different 1H–1H DQ NMR spectra and can, therefore, be easily distinguished.
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Figure 2.10. 1H–1H Double Quantum (DQ) NMR correlation experiments.39 (a–d) DQ NMR spectra
recorded at 30 kHz MAS and 850 MHz 1H Larmor frequency. a) 1tr and c) 2tr Back-to-Back (BaBa)
DQ excitation for 8a. b) 1tr and d) 2tr BABA DQ excitation for the nonchlorinated analog,
(3,4,5)12G1-0-PBI. The signals of the Cl4PBI core and the phenyl rings of the dendron are marked
by red dotted lines. e) Schematic illustration of a dimer of 8a indicating intermolecular correlations
between Cl4PBI core protons (A), intramolecular correlations between outer phenyl protons and O–
CH2 sites (B), and correlations between aliphatic sites of the alkyl chains and the Cl 4PBI core
protons (C).
The proton signals of the Cl4PBI core at 7.6 ppm show a strong diagonal peak due to the proximity
of the chemically equivalent protons of the adjacent molecule within the dimer (Figure 2.10e, A).
The proton signals from the phenyl ring of the dendron at 7.2 ppm show a strong correlation to the
O–CH2 sites at 4.15 ppm (Figure 2.10e, B), which may originate from the intramolecular proximity
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of the outer phenyl rings and the O-CH2 sites of the outer alkyl chains at 1.3–1.4 ppm. The aliphatic
sites of these alkyl chains in turn show a stronger correlation with the protons of the Cl 4PBI core at
7.6 ppm (Figure 2.10e, C). Remarkably, the correlation signals of the protons at the core increase
in intensity with a longer excitation time (2tr vs 1tr, Figure 2.10a vs c), indicating intermolecular
proximity, while the local correlations from the outer phenyl ring decrease in intensity, due to local
rotational fluctuations interfering with the build-up of DQ coherence. These findings support the
proposed structural model in which the dimerized Cl4PBI molecules lead to intermolecular dipolarcoupled 1H–1H pairs of initially isolated protons at the Cl4PBI cores.
Similar results are deduced from 1H–13C heteronuclear correlation spectra,40 shown in Figure 2.11.
13C{1H}

Lee-Goldburg-heteronuclear correlation (LG-HETCOR) spectra41 of 8a and its

nonchlorinated analog confirm the findings of the 2D 1H–1H DQ spectra. Not only is the 1H MAS
spectrum of 8a well resolved, but the regular packing of the non-planar, twisted chlorinated PBI
cores also leads to sharp and well resolved 13C signals, as can be seen from the narrow correlation
signals. In fact, the

13C

projection of the LG-HETCOR spectrum shows intense signals from the

Cl4PBI core, indicating that the packing of the less ordered, non-planar, twisted and flexible Cl4PBI
molecules does not lower the local symmetry of the molecular structure (Figure 2.11a). In contrast,
signals of the more ordered, planar and rigid PBI core are hardly observed in the projection of the
LG-HETCOR spectrum of the nonchlorinated PBI due to the broadening of the signals resulting
from the presence of numerous different packing positions for each 13C site of the PBI core (Figure
2.11b). Thus, solid state 1H and 13C NMR data confirm the structure of compound 8a with m = 0.
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Figure 2.11. 13C{1H} LG-HETCOR spectra41 of a) compound 8a and b) its nonchlorinated analog,
(3,4,5)12G1-0-PBI, recorded at 700.23 MHz 1H Larmor frequency, 18 KHz MAS and 3 ms CP
contact time.

2.3

Conclusions

A comparative structural study of the assemblies generated from dendronized less ordered, nonplanar, twisted and flexible Cl4PBI and more ordered, planar and rigid PBI derivatives provided an
unexpected series of results. Cl4PBI molecules appended with fully hydrogenated dendrons
exhibited exclusively 3D crystalline phases. These 3D phases in the m = 0 and m = 2 compounds
were obtained via thermodynamically controlled 11,31 self-organization. This observation contrasts
with the 2D periodic arrays and kinetically controlled9–11 3D phases exhibited by nonchlorinated PBI
analogs, and is unexpected due to the less ordered twisted conformation adopted by the Cl4PBI
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core rather than the more ordered planar conformation favored by nonchlorinated PBI.
Furthermore, the Cl4PBI with m = 0 exhibits closer π–π stacking (by XRD) and more regular
molecular packing (by NMR) than its nonchlorinated analog. Hence the presence of disorder at the
molecular level induces higher order at the supramolecular level. In contrast, semifluorination and
tetrachlorination in an m = 3 compound eliminates the orthorhombic crystal observed in the
nonchlorinated compound.9–11 Consequently the Cl4PBI with m = 3 exhibits only a 2D columnar
hexagonal array, as would be expected from the reduced flexibility of the semifluorinated chain
compared to a perhydrogenated chain. However, the addition of an ethylene glycol linker promotes
crystallization in the semifluorinated Cl4PBI, generating an unusual honeycomb structure with
intracolumar order and temperature-dependent phase segregation. Therefore, the tetrachlorinated
PBIs reported here, and the thermally accessible supramolecular assemblies organized therefrom,
represent a new series of structures of interest for organic electronics, photovoltaics and other
electronic applications. The correlation between molecular disorder and supramolecular order
elaborated here also provides a new general strategy for the creation of other highly ordered
supramolecular materials.

2.4

Experimental Section

2.4.1

Materials

Zinc acetate dihydrate (Zn(OAc)2•2H2O), quinoline, carbon tetrabromide (CBr4), sodium azide
(NaN3), triphenylphosphine (PPh3) (all from Acros), lithium aluminium hydride (LiAlH4), diisopropyl
azodicarboxylate

(DIAD),

perylene-3,4,9,10-tetracarboxylic

dianhydride

(7a),

2-(2-

aminoethoxy)ethanol (13) (all from Aldrich), pyridine, DMF, EtOH (all from Fisher, ACS reagents)
and potassium carbonate (K2CO3) (from Alfa Aesar), were used as received. Dichloromethane
(CH2Cl2) (from Fisher, ACS reagent) was dried over CaH2 and freshly distilled before use. THF
(from Fisher, ACS reagent) was refluxed over sodium benzophenone ketyl until the solution turned
purple and then was freshly distilled before use.
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2.4.2

Techniques

Solution NMR. 1H NMR (500 MHz) and

13C

NMR (125 MHz) spectra were recorded on a Bruker

DRX 500 instrument. The purity of the products was determined by a combination of thin layer
chromatography (TLC) and high pressure liquid chromatography (HPLC) using a Perkin-Elmer
Series 10 high pressure liquid chromatograph with an LC-100 column oven, Nelson Analytical 900
series integrator data station and two Perkin-Elmer PL gel column 5 × 102 and 1 × 104 Å. THF was
used as solvent with a UV detector.
Differential Scanning Calorimetry (DSC). Thermal transitions were measured on TA instrument
2920 modulated and Q100 differential scanning calorimeter (DSC) integrated with a refrigerated
cooling system (RCS). The heating and cooling rates were 1 or 10 oC/min. The transition
temperatures were measured as the maxima and minima of their endothermic and exothermic
peaks. Indium and sapphire were used as standards for calibration. An Olympus BX-51 optical
polarized microscope (100× magnification) equipped with a Mettler FP 82HT hot stage and Mettler
Toledo FP90 central processor was used to verify thermal transitions and to characterize
anisotropic textures.
Density Measurements. For density measurements, a small mass of sample (~0.5 mg) was placed
in a vial filled with water followed by ultrasonication to remove the air bubbles embedded within the
sample. The sample sank to the bottom of the vial due to its high density compared with water. A
saturated aqueous solution of potassium iodide (KI) was then added into the solution at ~ 0.1 g per
aliquot to gradually increase the solution density. KI was added at an interval of at least 20 min to
ensure equilibrium within the solution. When the sample was suspended in the middle of the
solution, the density of the sample was identical to that of the solution, which was measured by a
10 mL volumetric flask.
Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF). Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was performed on PerSeptive
Biosystems-Voyager-DE (Framingham, MA) mass spectrometer equipped with a nitrogen laser
(337 m) and operating in linear mode. Internal calibration was performed using Angiotensin II and
Bombesin as standards. The analytical sample were obtained by mixing a THF solution of the
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sample (5–10 mg/mL) and the matrix (3,5-dihydroxybenzoic acid) (10 mg/mL) in a 1:1 to 1:5 v/v
ratio. The prepared solution (0.5 μL) was loaded on the MALDI plate and allowed to dry at 25 oC
before the plate was inserted into the vacuum chamber of the MALDI instrument. The laser steps
and voltages were adjusted depending on the molecular weight and the nature of each analyte.
X-ray Diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics and triple pinhole collimation
were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a Bruker-AXS Hi-Star
multiwire area detector. To minimize attenuation and background scattering, an integral vacuum
was maintained along the length of the flight tube and within the sample chamber. Samples were
held in quartz capillaries (0.7–1.0 mm in diameter), mounted in a temperature-controlled oven
(temperature precision: ± 0.1 °C, temperature range from –120 °C to 270 °C). The distance
between the sample and the detector was 11.0 cm for wide angle diffraction experiments and 54.0
cm for intermediate angle diffraction experiments. Aligned samples for fiber XRD experiments were
prepared using a custom-made extrusion device.11 The powdered sample (~10 mg) was heated
inside the extrusion device. After slow cooling, the fiber was extruded in the liquid crystal phase
and cooled to 23 °C. Typically, the aligned samples have a thickness of 0.3–0.7 mm and a length
of 3–7 mm. All XRD measurements were done with the aligned sample axis perpendicular to the
beam direction. Primary XRD analysis was performed using Datasqueeze (version 3.0). 42
Molecular models were built and visualized using Materials Studio (Accelrys).
Solid State NMR Experiments. 2D 1H double-quantum (DQ) NMR correlation spectra were
recorded with a Bruker Avance III console operating at 850.13 MHz 1H Larmor frequency using a
commercial double resonance probe supporting zirconia rotors with an outer diameter of 2.5 mm.
Measurements were performed at 30 kHz MAS spinning frequency using the improved Back-toBack (BaBa) excitation scheme39,43 for double quantum excitation and reconversion with 125 kHz
rf nutation frequency on the 1H channel. 2D

13C{1H}

heteronuclear Lee-Goldburg Cross-

Polarization (LGCP) correlation experiments41 were recorded at 18 kHz MAS and 700.23 MHz 1H
Larmor frequency (176.1 MHz 13C Larmor frequency) using an LGCP contact time of 3 ms and 102
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kHz FSLG multi pulse decoupling for line narrowing in the 1H dimension and SPINAL64 decoupling
during 13C acquisition.
2.4.3

Synthesis

Methyl 3-(3,4,5-trihydroxyphenyl)propanoate (1). This compound was synthesized according to
a literature procedure.18

Methyl 3-(3,4,5-tris((1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl)oxy)phenyl)propanoate (2).
Into a solution of methyl 3-(3,4,5-trihydroxyphenyl)propionate (1) (0.70 g, 3.30 mmol) in degassed
DMF (70 mL) was added 1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl bromide (5.50 g, 10.0
mmol) and K2CO3 (4.00 g, 29.0 mmol). The reaction mixture was stirred under N2 at 75 °C for 8 h.
The mixture was cooled to room temperature and poured into water. The solid was filtered and
dried to give the crude product which was further purified by recrystallization from acetone to give
a white solid (4.10 g, 77 %). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 6.40 (s,
2H, ArH), 3.99 (t, 3J = 5.5 Hz, 4H, CH2OAr, 3- and 5-positions), 3.92 (t, 3J = 5.5 Hz, 2H, CH2OAr,
4-position), 3.67 (s, 3H, CO2CH3), 2.87 (t, 3J = 7.4 Hz, 2H, ArCH2CH2CO2CH3), 2.61 (t, 3J = 7.8 Hz,
2H, ArCH2CH2CO2CH3), 2.22–2.06 (m, 6H, 3(C8F17)CH2CH2CH2CH2OAr), 1.93–1.76 (m, 12H,
3(C8F17)CH2CH2CH2CH2OAr).

13C

NMR (126 MHz, CDCl3), δ (ppm): 173.4 (C=O), 152.9 (ArC

(C3,5)), 136.5 (ArC (C4)), 136.4 (ArC (C1)), weak, broad CF multiplets appear at 128–110, 107.0
(ArC (C2,6)), 72.7 (CH2OAr, 4-position), 68.5 (CH2OAr, 3- and 5-positions), 51.8 (CO2CH3), 36.0
(OCH2CH2CH2CH2(C8F17)), 31.4 (CH2CO2CH3), 29.9 (CH2Ar), 29.0 (OCH2CH2CH2CH2(C8F17)),
17.5 (OCH2CH2CH2CH2(C8F17)). MALDI-TOF (m/z): calc. for [C46H33F51NaO5]+: 1657.14; found:
1656.36 [M+Na]+.
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Methyl

3-(3,4,5-tris((1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl)oxy)phenyl)propan-1-ol

(3). Into a suspension of LiAlH4 (0.20 g, 5.27 mmol) in dry THF (20 mL) was added dropwise a
solution of ester 2 (3.00 g, 1.84 mmol) in dry THF (30 mL) at 0 °C. The reaction mixture was stirred
at 25 °C for 90 min. The reaction mixture was quenched by successive dropwise addition of H 2O
(0.2 mL), aqueous NaOH solution (15% w/w, 0.2 mL) and H 2O (0.6 mL). The granular salts were
filtered through Celite and washed with generous rinsings of THF. The filtrate was evaporated in
vacuo and the resultant solid recrystallized from acetone to obtain the product as a white solid (2.50
g, 85%). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 6.37 (s, 2H, ArH), 3.95 (t, 3J =
6.0 Hz, 4H, CH2OAr, 3- and 5-positions), 3.89 (t, 3J = 6.0 Hz, 2H, CH2OAr, 4-position), 3.67 (s, 1H,
OH), 3.62 (m, 2H, ArCH2CH2CH2OH), 2.59 (t, 3J = 7.3 Hz, 2H, ArCH2CH2CH2OH), 2.21–1.98 (m,
6H,

3(C8F17)CH2CH2CH2CH2OAr),

ArCH2CH2CH2OH).

13C

1.91–1.72

(m,

14H,

3(C8F17)CH2CH2CH2CH2OAr

and

NMR (126 MHz, CDCl3), δ (ppm): 152.8 (ArC (C3,5)), 137.9 (ArC (C4)),

136.0 (ArC (C1)), weak, broad CF multiplets appear at 128–110, 107.1 (ArC (C2,6)), 72.6 (CH2OAr,
4-position), 68.4 (CH2OAr, 3- and 5-positions), 62.0 (CH2OH), 34.4 (CH2CH2OH), 32.5
(OCH2CH2CH2CH2(C8F17)),

29.8

(CH2Ar),

29.0

(OCH2CH2CH2CH2(C8F17)),

17.4

(OCH2CH2CH2CH2(C8F17)). MALDI-TOF (m/z): calc. for [C45H34F51O4]+: 1607.17; found: 1608.60
[M+H]+.

5-(3-Bromopropyl)-1,2,3-tris((1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl)oxy)benzene (4).
Into a solution of alcohol 3 (2.20 g, 1.37 mmol) and CBr4 (0.68 g, 2.05 mmol) in dry CH2Cl2 (40 mL)
was added slowly a solution of PPh3 (0.55 g, 2.05 mmol) in CH2Cl2 (10 mL). The reaction mixture
was stirred at 25 °C for 3 h under N2. The mixture was concentrated and added to cold MeOH to
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precipitate the product, which was isolated by vacuum filtration as a white solid (1.90 g, 84%) which
was used in the next step without further purification. Purity (HPLC): 99%+. 1H NMR (500 MHz,
CDCl3), δ (ppm): 6.39 (s, 2H, ArH), 3.99 (t, 3J = 5.4 Hz, 4H, CH2OAr, 3- and 5-positions), 3.92 (t,
3J

= 5.4 Hz, 2H, CH2OAr, 4-position), 3.38 (t, 3J = 6.4 Hz, 2H, ArCH2CH2CH2Br), 2.69 (t, 3J = 7.2

Hz, 2H, ArCH2CH2CH2Br), 2.22–2.05 (m, 6H, 3(C8F17)CH2CH2CH2CH2OAr), 1.93–1.75 (m, 14H,
3(C8F17)CH2CH2CH2CH2OAr and ArCH2CH2CH2Br).

13C

NMR (126 MHz, CDCl3), δ (ppm): 152.9

(ArC (C3,5)), 136.4 (ArC (C4)), 136.3 (ArC (C1)), weak, broad CF multiplets appear at 128–110,
107.3 (ArC (C2,6)), 72.7 (CH2OAr, 4-position), 68.5 (CH2OAr, 3- and 5-positions), 34.3 (CH2Ar),
34.2 (CH2CH2Br), 33.2 (CH2Br), 30.8 (OCH2CH2CH2CH2(C8F17)), 29.0 (OCH2CH2CH2CH2(C8F17)),
17.5 (OCH2CH2CH2CH2(C8F17)). MALDI-TOF (m/z): calc. for [C45H33BrF51O3]+: 1669.08; found:
1670.68 [M+H]+.

5-(3-Azidopropyl)-1,2,3-tris((1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl)oxy)benzene

(5).

Into a solution of bromide 4 (1.50 g, 0.90 mmol) in dry DMF (10 mL) was added NaN3 (0.30 g, 4.62
mmol). The reaction mixture was stirred at 85 °C for 16 h. The reaction mixture was cooled to room
temperature whereupon it was filtered. The filtrate was collected and the solvent was evaporated
in vacuo to give the product as an off white-solid (1.10 g, 75%) which was used in the next step
without further purification. Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 6.32 (s, 2H,
ArH), 3.92 (m, 4H, CH2OAr, 3- and 5-positions), 3.86 (m, 2H, CH2OAr, 4-position), 3.21 (t, 3J = 7.0
Hz, 2H, ArCH2CH2CH2N3), 2.55 (t, 3J = 7.0 Hz, 2H, ArCH2CH2CH2N3), 2.19–1.99 (m, 6H,
3(C8F17)CH2CH2CH2CH2OAr),
ArCH2CH2CH2N3).

13C

1.87–1.66

(m,

14H,

3(C8F17)CH2CH2CH2CH2OAr

and

NMR (126 MHz, CDCl3), δ (ppm): 152.8 (ArC (C3,5)), 136.6 (ArC (C4)),

136.1 (ArC (C1)), weak, broad CF multiplets appear at 128–110, 107.0 (ArC (C2,6)), 72.5 (CH2OAr,
4-position), 68.3 (CH2OAr, 3- and 5-positions), 50.6 (CH2N3), 33.0 (CH2Ar), 30.6 (CH2CH2N3), 30.5
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(OCH2CH2CH2CH2(C8F17)), 28.9 (OCH2CH2CH2CH2(C8F17)), 17.3 (OCH2CH2CH2CH2(C8F17)).
MALDI-TOF (m/z): calc. for [C45H33F51NO3]+: 1604.17; found: 1604.40 [M+H–N2]+.

Methyl

3-(3,4,5-tris((1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl)oxy)phenyl)propan-

-1-amine (6). Into a suspension of LiAlH4 (0.20 g, 5.27 mmol) in dry THF (10 mL) was added slowly
a solution of azide 5 (0.80 g, 0.50 mmol) in dry THF (15 mL) at 0 °C. The reaction mixture was
stirred at 25 °C for 3 h. The reaction mixture was quenched by successive dropwise addition of
H2O (0.2 mL), aqueous NaOH solution (15% w/w, 0.2 mL) and H 2O (0.6 mL). The granular salts
were filtered through Celite and washed with generous rinsings of THF. The filtrate was evaporated
in vacuo to obtain the product as an off-white solid which was used in the next step without further
purification. (0.69 g, 88%). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 6.39 (s, 2H,
ArH), 4.00 (t, 3J = 5.4 Hz, 4H, CH2OAr, 3- and 5-positions), 3.93 (t, 3J = 5.7 Hz, 2H, CH2OAr,
4-position), 2.73 (t,

3J

= 6.9 Hz, 2H, ArCH2CH2CH2NH2), 2.57 (t,

3J

= 7.5 Hz, 2H,

ArCH2CH2CH2NH2), 2.23–2.05 (m, 6H, 3(C8F17)CH2CH2CH2CH2OAr), 1.94–1.77 (m, 14H,
3(C8F17)CH2CH2CH2CH2OAr), 1.75 (t, 2H, ArCH2CH2CH2NH2), 1.43 (s, 2H, NH2).

13C

NMR

(126 MHz, CDCl3), δ (ppm): 152.8 (ArC (C3,5)), 138.1 (ArC (C4)), 136.1 (ArC (C1)), weak, broad
CF multiplets appear at 128–110, 107.1 (ArC (C2,6)), 72.7 (CH2OAr, 4-position), 68.5 (CH2OAr, 3and

5-positions),

41.9

(CH2NH2),

33.7

(CH2Ar),

29.9

(CH2CH2NH2),

29.0

(OCH2CH2CH2CH2(C8F17)), 29.0 (OCH2CH2CH2CH2(C8F17)), 17.5 (OCH2CH2CH2CH2(C8F17)).
MALDI-TOF (m/z): calc. for [C45H35F51NO3]+: 1606.18; found: 1606.19 [M+H]+.

2,5,8,11-Tetrachloroperylenetetracarboxylic acid bisanhydride (7b). This compound was
synthesized according to a modified literature procedure.20 A mixture of perylene-3,4,9,10tetracarboxylic dianhydride (7a) (5.00 g, 12.7 mmol) and iodine (0.54g, 2.12 mmol) in chlorosulfonic
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acid (20 mL) was stirred at 65 °C for 20 h. The hot solution was filtered to remove insoluble
unreacted starting materials and insoluble by-products. The filtrate was added dropwise into ice
cold water with stirring and the resulting precipitate was filtered, washed generously with water and
dried in an oven. In contrast to the red solid starting material, the product was an orange solid
(6.35 g, 94%) which exhibited moderate solubility in THF and chloroform. The product was used in
the next step without further purification. 1H NMR (500 MHz, CDCl3), δ (ppm): 8.77 (s, 4H, Per-H).

(3,4,5)12G1-0-Cl4PBI (8a). A suspension of 2,5,8,11-tetrachloroperylenetetracarboxylic acid
bisanhydride (7b) (0.33 g, 0.62 mmol), 3,4,5-tris(dodecyl-1-oxy)phenylamine (12a) (0.80 g, 1.24
mmol) and Zn(OAc)2∙2H2O (0.16 g, 0.95 mmol) in quinoline (20 mL) was stirred at 180 ºC under N2
for 4 h. The reaction mixture was cooled to room temperature and poured into HCl (1M, 80 mL).
The resulting precipitate was filtered, washed with water (50 mL) and MeOH (50 mL) and dried.
The crude product was purified by column chromatography (SiO2, CH2Cl2). The resulting red solid
was dissolved in THF and precipitated by the addition of MeOH. The precipitate was collected by
vacuum filtration, washed with MeOH and dried in vacuo to afford product as a red solid (0.95 g,
69%). Purity (HPLC): 99%+. TLC (SiO2, CH2Cl2): Rf = 0.95. 1H NMR (500 MHz, CDCl3), δ (ppm):
8.96 (s, 4H, ArH of PBI core), 6.52 (s, 4H, ArH ortho to OAlk), 4.09 (t, 3J = 6.8 Hz, 8H,
4AlkCH2CH2CH2OAr), 3.92 (t,

3J

= 6.8 Hz, 4H, 2AlkCH2CH2CH2OAr), 1.85–1.81 (m, 12H,

6AlkCH2CH2CH2OAr), 1.46 (m, 12H, 6AlkCH2CH2CH2OAr), 1.29 (m, 96H, 6CH3(CH2)8), 0.88 (t, 3J
= 6.3 Hz, 18H, 6CH3). 13C NMR (126 MHz, CDCl3), δ (ppm): 163.2 (C=O) 153.5 (ArC (C3)), 138.5
(ArC (C4)), 135.0 (ArC (C1)), signals at 133.1, 132.7, 132.2, 131.2, 131.0 and 130.0 correspond to
perylene carbons, 108.9 (ArC (C2)), 93.8 (CH2OAr, 4-position), 69.6 (CH2OAr, 3- and 5-positions),
32.4 (CH3CH2CH2), 30.9 (CH2CH2OAr), 30.4–30.1 (CH3(CH2)3(CH2)5), 30.0 (CH3(CH3)2CH2), 26.5
(CH2CH2CH2OAr), 23.3 (CH2CH3), 14.5 (CH3). MALDI-TOF (m/z): calc. for [C108H158Cl4NaN2O10]+:
1806.09; found: 1812.24 [M+Na]+.
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(3,4,5)12G1-1-Cl4PBI (8b). A suspension of 2,5,8,11-tetrachloroperylenetetracarboxylic acid
bisanhydride (7b) (0.48 g, 0.90 mmol), 3,4,5-tris(dodecyl-1-oxy)benzylamine (12b) (1.20 g, 1.82
mmol) and Zn(OAc)2∙2H2O (0.16 g, 0.95 mmol) in quinoline (20 mL) was stirred at 180 ºC under N 2
for 6 h. The reaction mixture was cooled to room temperature and poured into HCl (1M, 80 mL).
The resulting precipitate was filtered, washed with water (50 mL) and MeOH (50 mL) and dried.
The crude product was purified by column chromatography (SiO 2, CH2Cl2). The resulting red solid
was dissolved in THF and precipitated by the addition of MeOH. The precipitate was collected by
vacuum filtration, washed with MeOH and dried in vacuo to afford product as a red solid (1.45 g,
84%). Purity (HPLC): 99%+. TLC (SiO2, CH2Cl2): Rf = 0.95. 1H NMR (500 MHz, CDCl3), δ (ppm):
8.92 (s, 4H, ArH of PBI core), 6.89 (s, 4H, ArH ortho to OAlk), 5.31 (s, 4H, NCH2Ar), 4.02 (t, 3J =
6.8 Hz, 8H, 4AlkCH2CH2CH2OAr), 3.92 (t, 3J = 6.8 Hz, 4H, 2AlkCH2CH2CH2OAr), 1.99–1.81 (m,
12H, 6AlkCH2CH2CH2OAr), 1.49 (m, 12H, 6AlkCH2CH2CH2OAr), 1.29 (m, 96H, 6CH3(CH2)8), 0.89
(t, 3J = 6.3 Hz, 18H, 6CH3).

13C

NMR (126 MHz, CDCl3), δ (ppm): 163.2 (C=O) 153.4 (ArC (C3)),

138.5 (ArC (C4)), 135.1 (ArC (C1)), signals at 133.1, 132.9, 132.2, 131.1, 131.0 and 129.9
correspond to perylene carbons, 109.0 (ArC (C2)), 93.8 (CH2OAr, 4-position), 69.7 (CH2OAr, 3and

5-positions),

48.3

(CH2Ar),

32.3

(CH3CH2CH2),

30.9

(CH2CH2OAr),

30.3–30.0

(CH3(CH2)3(CH2)5), 29.9 (CH3(CH3)2CH2), 26.5 (CH2CH2CH2OAr), 23.2 (CH2CH3), 14.5 (CH3).
MALDI-TOF (m/z): calc. for [C110H162Cl4NaN2O10]+: 1834.09; found: 1833.50 [M+Na]+.

(3,4,5)12G1-2-Cl4PBI (8c). A suspension of 2,5,8,11-tetrachloroperylenetetracarboxylic acid
bisanhydride (7b) (0.30 g, 0.56 mmol), 2-(3,4,5-tris(dodecyl-1-oxy)phenyl)ethylamine (8c) (0.80 g,
1.18 mmol) and Zn(OAc)2∙2H2O (0.16 g, 0.95 mmol) in quinoline (20 mL) was stirred at 180 ºC
under N2 for 5 h. The reaction mixture was cooled to room temperature and poured into HCl (1M,
30 mL). The resulting precipitate was filtered, washed with water (20 mL) and MeOH (20 mL) and
dried. The crude product was purified by column chromatography (SiO2, CH2Cl2). The resulting red
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solid was dissolved in CH2Cl2 and precipitated by the addition of MeOH. The precipitate was
collected by vacuum filtration, washed with MeOH and dried in vacuo to afford product as a red
solid (0.82 g, 98%). Purity (HPLC): 99%+. TLC (SiO 2, CH2Cl2): Rf = 0.90. 1H NMR (500 MHz,
CDCl3), δ (ppm): 8.92 (s, 4H, ArH of BPI core), 6.55 (s, 2H, ArH ortho to OAlk), 4.49 (t, J = 5.8 Hz,
4H, ArCH2CH2N), 3.91–3.99 (m, 12H, 6AlkCH2CH2CH2OAr), 2.99 (t, J = 5.8 Hz, 4H, ArCH2CH2N),
1.81 (m, 12H, 6AlkCH2CH2CH2OAr), 1.49 (m, 12H, 6AlkCH2CH2CH2OAr), 1.29 (m, 96H,
6CH3(CH2)8), 0.90 (t, J = 6.3 Hz, 18H, 6CH3).

13C

NMR (126 MHz, CDCl3), δ (ppm): 163.3 (C=O),

153.3 (ArC (C3)), 135.0 (ArC (C1)), 132.8 (ArC (C4)), signals at 133.2, 131.0, 132.3, 131.2, 130.7
and 130.0 correspond to perylene carbons, 105.5 (ArC (C2)), 92.9 (CH2OAr, 4-position),
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(CH2OAr, 3- and 5-positions), 49.81 (ArCH2CH2), 39.82 (ArCH2CH2), 32.5 (CH3CH2CH2), 30.9
(CH2CH2OAr), 30.4–30.2 (CH3(CH2)3(CH2)5), 29.6 (CH3(CH3)2CH2), 26.7 (CH2CH2CH2OAr), 23.2
(CH2CH3), 14.5 (CH3). MALDI-TOF (m/z): calc. for [C112H166Cl4NaN2O10]+: 1862.12; found: 1861.28
[M+Na]+.

(3,4,5)12F8G1-3-Cl4PBI (9). A mixture of 2,5,8,11-tetrachloroperylenetetracarboxylic acid
bisanhydride (7b) (0.10 g, 0.19 mmol), amine 6 (0.60 g, 0.38 mmol), and Zn(OAc)2∙2H2O (0.20 g,
0.91 mmol) in quinoline (30.0 mL) was heated at 180 oC for 6 h under N2. The reaction mixture was
allowed to cool to room temperature whereupon it was poured into HCl (1M). The red precipitate
was collected by filtration and washed with water and MeOH. The crude product was purified by
column chromatography (SiO2, CH2Cl2) to afford the product as a red solid (0.45 g, 64%). Purity
(HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 8.65 (s, 4H, Per-H), 6.45 (s, 4H, ArH), 4.28 (t,
3J

= 7.7 Hz, 4H, NCH2), 4.01 (t, 3J = 5.5 Hz, 8H, CH2OAr, 3- and 5-positions), 3.79 (m, 2H, CH2OAr,

4-position), 2.73 (t, 3J = 7.5 Hz, 4H, ArCH2), 2.24–2.00 (m, 16H, 6(C8F17)CH2CH2CH2CH2OAr and
2ArCH2CH2CH2NH2), 1.95–1.66 (m, 24H, 6(C8F17)CH2CH2CH2CH2OAr).

13C

NMR (126 MHz,

CDCl3), δ (ppm): 162.3, 152.6, 136.8, 135.7, 135.4, 132.9, 131.4, 128.6, 123.2, 121.3–107.3
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(several broad CF multiplets), 106.5, 72.4, 68.1, 40.7, 33.5, 30.8, 30.6, 30.5, 29.7, 29.6, 28.9, 28.6,
17.3, 17.1. MALDI-TOF (m/z): calc. for [C114H68Cl4F102N2NaO10]+: 3725.19; found: 3725.18
[M+Na]+.

Bis-N,N′-(2-(2-hydroxyethoxy)ethyl)-perylene-3,4,9,10-tetracarboxylic diimide (10). A mixture
of 2,5,8,11-tetrachloroperylenetetracarboxylic acid bisanhydride (7b) (0.50 g, 0.94 mmol),
2-(2-aminoethoxy)ethanol (13) (0.20 g, 1.90 mmol), and Zn(OAc)2∙2H2O (0.10 g, 0.46 mmol) in
pyridine (20 mL) was heated at 120 °C for 3 h under N 2. The reaction mixture was allowed to cool
to room temperature whereupon it was poured into HCl (1M). The red precipitate was collected by
filtration and washed with water and MeOH to afford the product as a red solid (0.55 g, 83%). Purity
(HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 8.69 (s, 4H, Per-H), 4.49 (m, 4H, OCH2), 3.88
(m, 4H, OCH2), 3.71 (m, 4H, OCH2), 3.67 (m, 4H, NCH2).

13C

NMR (126 MHz, CDCl3), δ (ppm):

162.7 (C=O), 137.5, 135.6, 133.3, 128.9 and 123.2 correspond to perylene carbons, 72.4
(OCH2CH2OH), 68.4 (NCH2CH2), 62.0 (CH2OH), 40.2 (NCH2). MALDI-TOF (m/z): calc. for
[C32H22Cl4N2NaO8]+: 725.00; found: 726.84 [M+Na]+.

(3,4,5)12F8G1-2EO-Cl4PBI (11). Into a stirred solution of carboxylic acid 14 (0.48 g, 0.30 mmol) in
dry THF (12 mL) were added PPh3 (0.16 g, 0.60 mmol), and dianhydride 10 (0.13 g, 0.18 mmol)
under N2 and stirred for 5 min. DIAD (0.12 g, 0.06 mmol) was added slowly and the reaction mixture
was stirred for 16 h at 25 °C. The reaction mixture was concentrated and precipitated in MeOH.
The crude product was purified by column chromatography (SiO 2, 30% EtOAc in hexane) followed
by precipitation from CH2Cl2 into MeOH to give the product as a red solid (0.35 g, 61%). Purity
(HPLC): 99%+. 1H NMR (500 MHz, CDCl3), δ (ppm): 8.63 (s, 4H. Per-H), 7.29 (s, 4H, ArH), 4.49 (t,
3J

= 5.6 Hz, 4H, NCH2), 4.47–4.38 (m, 4H, CH2O2C), 4.08 (t, 3J = 5.7 Hz, 8H, ArOCH2), 4.02 (t, 3J
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= 5.5 Hz, 4H, ArOCH2), 3.96–3.85 (m, 8H, OCH2), 2.23–2.08 (m, 12H, OCH2CH2), 1.96–1.79 (m,
24H, CH2C8F17).

13C

NMR (126 MHz, CDCl3), δ (ppm): 166.3, 162.4, 152.7, 142.1, 135.6, 133.2,

131.6, 128.8, 125.3, 123.5, 123.2, 108.4, 120.6–108.7 (several broad CF multiplets), 108.4, 72.8,
68.9, 68.6, 68.0, 64.4, 39.7, 31.0, 30.8, 30.6, 29.9, 28.9, 17.5, 17.3. MALDI-TOF (m/z): calc. for
[C118H72Cl4F102N2NaO16]+: 3873.19; found: 3874.97 [M+Na]+.

3,4,5-Tris(dodecyloxy)aniline (12a). This compound was synthesized according to a literature
procedure.9

(3,4,5-Tris(dodecyloxy)phenyl)methanamine (12b). This compound was synthesized according
to a literature procedure.9

2-(3,4,5-Tris(dodecyloxy)phenyl)ethan-1-amine (12c). This compound was synthesized
according to a literature procedure.9

3,4,5-Tris((1H,1H,2H,2H,3H,3H,4H,4H-perfluorododecyl)oxy)benzoic
compound was synthesized according to a literature procedure.19

45

acid

(14).
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APPENDIX TO CHAPTER 2
A2.1

Reconstruction of Electron Density Maps and Selection of Phase Combinations

(Adapted with permission from Wu, Y.-C.; Leowanawat, P.; Sun, H.-J.; Partridge, B. E.; Peterca,
M.; Graf, R.; Spiess, H. W.; Zeng, X.; Ungar, G.; Hsu, C.-S.; Heiney, P. A.; Percec. V. J. Am. Chem.
Soc. 2015, 137, 807–819. Copyright 2015, American Chemical Society)
Phase assignments were based on the physical merit of the reconstructed electron density maps;
that is, showing a good separation of regions of different electron densities and being reconcilable
to a physical model consistent with the dimensions and shape of the molecules.
In X-ray crystallography, a 3D periodic crystalline structure is represented by its corresponding
electron density distribution ρ(x,y,z), where x, y, z are the fractional coordinates of a point in the
unit cell along the a, b and c cell axes, respectively. The 3D periodic electron density ρ(x,y,z) can
be written as a Fourier series:
𝜌(𝑥, 𝑦, 𝑧) = ∑ℎ𝑘𝑙 𝐹ℎ𝑘𝑙 exp[𝑖2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)]

(1)

In equation (1), the structure factor Fhkl is a complex number, h, k, and l are integers and the
combination [hkl] describes a set of Miller planes in the crystal structure from which a diffraction
peak with indices (hkl) is generated by the constructive interference of reflected X-rays. The
structure factor Fhkl is related to the observed diffraction intensity Ihkl thus:
𝐼ℎ𝑘𝑙 ∝ |𝐹ℎ𝑘𝑙 |2

(2)

When only a relative electron density fluctuation is of interest, we can simply write the relative
electron density as
𝜌(𝑥, 𝑦, 𝑧) = ∑ℎ𝑘𝑙 √𝐼ℎ𝑘𝑙 exp[𝑖2𝜋(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) + 𝑖𝜙ℎ𝑘𝑙 ]

(3)

Unfortunately, the phase angle Φhkl of the structure factor Fhkl cannot be determined from X-ray
diffraction data. For a centrosymmetric structure, however, the structure factor Fhkl is always a real
number. Consequently, Φhkl can only have values of 0 or π. Moreover, mesophases normally
exhibit only a limited number of diffraction peaks due to their intrinsic local disorder and large
thermal fluctuations. In such cases, it is possible to reconstruct electron density maps of all possible
phase combinations, and to decide the best candidate map(s) on their physical merits afterwards.
Knowledge about the chemical formulae of the compounds, the sizes of and the distances between
49

different parts of the molecules and other physical information of the sample such as density is
combined with the reconstructed candidate maps, in order to select the best phase combination(s).
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CHAPTER 3
Screening Libraries of Semifluorinated Arylene Bisimides to Discover and Predict
Thermodynamically Controlled Helical Crystallization
(Adapted with permission from Ho, M.-S.; Partridge, B. E.; Sun, H.-J.; Sahoo, D.; Leowanawat,
P.; Peterca, M.; Graf, R.; Spiess, H. W.; Zeng, X.; Ungar, G.; Heiney, P. A.; Hsu, C.-S.; Percec,
V. ACS Comb. Sci. 2016, 18, 723–739. Copyright 2016, American Chemical Society)

3.1

Introduction

Planar self-assembling electron-accepting arylene bisimides, such as unsubstituted and
substituted perylene bisimides (PBI),1–8 naphthalene bisimides (NBI),9 and pyromellitic bisimides
(PMBI),10–12 and their supramolecular assemblies, have been investigated for a variety of
applications, including industrial pigments,1 models for biological systems,13–18 and n-type
semiconductors for photovoltaic and organic electronics. 3,19–21 Since the publication of
comprehensive reviews in 2016,5–8 this area continues to develop apace.22–30 Key to successful
application of planar aromatic bisimides is the generation of highly ordered and suitably organized
crystalline arrays that form preferentially via a thermodynamically controlled process below their
decomposition temperatures.31,32 By definition, 3D crystals and 2D liquid crystals with a high degree
of order self-organize via kinetically controlled processes while low order 1D and 2D mostly by
thermodynamically controlled mechanisms. Kinetically controlled crystallization is determined by
heating and cooling rates and by the thermal history of the sample, and hence reproducible
formation of a crystalline array is tedious. In contrast, crystalline phases assembled via a
thermodynamically controlled process are generated predictably and reproducibly without
dependence on the thermal history of the sample.31,32
The structural and retrostructural analysis2,33–35 of complex functional systems2,36 through
generational,37–40 combined generational41 and deconstructive42 library approaches has been
employed for the discovery and, after elucidation of the self-organization mechanism, prediction of
programmed primary and secondary structures that self-organize into tertiary structures. These first
principles have been employed in the design of systems with complex functions,2,36 such as
transmembrane water channels,43 altering the chemoselectivity of organic reactions to discover a
helix-helix transition and generate molecular machines,44,45 enhancement of charge carrier
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mobility,46 mimics of complex biological membranes47,48 and their programmed glycans,49–51
homochiral self-sorting in the crystal state,52 and programmed polymer backbone conformation,53
via first principles also known as materials genome. Recently Pm3̄n supramolecular assemblies
pioneered with self-assembling dendrons were also discovered in block copolymers, 54,55 other
molecular building blocks56,57 and in surfactants.58 Models for their self-assembly have also been
elaborated.59–63
Among previous work on libraries of arylene bisimides,31,32,64–67 a combined generational approach
was applied to a series of PBI derivatives with two identical self-assembling hydrogenated
minidendrons, (3,4,5)nG1-m-PBI, where n is the number of carbons in the aliphatic chain and m is
the number of methylenic units in the linker between the dendron and the imide group of the PBI
core. The appropriate selection of n and m transforms crystallization of their supramolecular
assemblies from a kinetically controlled process into a thermodynamically controlled one. 31,64,65
However, the use of hydrogenated dendronized aromatic bisimides in organic electronics is
hampered by various factors, including high melting temperature sometimes exceeding their
decomposition temperature, and sensitivity to air and moisture.68,69 In contrast, fluorinated
dendrons confer resistance to moisture and alter the thermal and thermodynamic stability of
assemblies of self-organizing building blocks.66,70–74 Previous studies of self-assembling dendrons
with n-dodecyl substituents had shown that substitution of 8 out of 12 methylenic units with linear
CF2 segments provides an optimum enhancement of thermal stability,70 arising from the higher
rigidity of linear perfluoroalkanes compared to perhydrogenated alkanes. 75 However, these linear
perfluorinated segments degrade to form perfluorooctanoic acid, which is toxic and biopersistent. 75–
79

In contrast, semifluorinated dendrons derived from perfluoropropyl vinyl ether (PPVE)73 degrade

into environmentally tolerable perfluoropropyl chains. 80,81 These semifluorinated chains are of a
length that, in comparison with previous studies on hydrogenated components, 31,64,65 would be
anticipated to promote thermodynamically controlled crystallization of supramolecular PBI
assemblies. Indeed, electron-accepting NBI derivatives with the same semifluorinated dendrons
with m = 3 exhibited two thermodynamically controlled columnar hexagonal phases. 66 However, no
systematic library of semifluorinated aromatic bisimides has been screened to elaborate the effect
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of molecular changes in the primary structure on their ability to generate desirable
thermodynamically controlled crystalline phases has been reported to date.
Here we report the synthesis, structural and retrostructural analysis of a library of arylene bisimides
based on PBI, tetrachlorinated PBI (Cl4PBI), NBI, and PMBI, dendronized with environmentally
acceptable chiral racemic semifluorinated dendrons. The melting temperature of these compounds
allowed access to the entire range of their self-organized assemblies for structural and
retrostructural analysis. Appropriate choice of molecular parameters permits access to various
desirable supramolecular assemblies and functions, including thermodynamically controlled
crystallization,31,67 close contact aromatic stacking,82,83 and cogwheel-type self-organization.32

3.2

Results and Discussion

3.2.1

Synthesis of Semifluorinated PBI, Cl4PBI, NBI, and PMBI

The semifluorinated dendronized arylene bisimides reported here are denoted Ar(m), where Ar is
the name of the bisimide core (P – perylene (PBI); PCl – tetrachlorinated perylene (Cl4PBI); N –
naphthalene (NBI); B – benzene (PMBI)), and m denotes the number of methylene units between
the core imide and the phenyl ring of the dendron. Combining each of the four aromatic bisimides
with each of four semifluorinated dendrons (with m = 0, 1, 2, and 3) furnishes a library of sixteen
compounds. The synthesis of first generation semifluorinated amine dendron with m = 0 (5a) is
outlined in Scheme 3.1.
Scheme 3.1. Synthesis of Semifluorinated Amine Dendron 5aa

a

Reagents and conditions: (i) Conc. HNO3, MeCN, cat. AIBN, o/n (50 °C); (ii) pyridine
hydrochloride, 40 min (200 °C); (iii) tBuOK, CF2=CFOC3F7, DMF, 2 h (0 °C) then o/n (RT); (iv)
NH2NH2·H2O, graphite, EtOH/THF (2:1), 19 h (reflux).
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Semifluorinated aromatic bisimides with m = 0, 1, 2, and 3 based on PBI (the P series: P(0), P(1),
P(2), and P(3)), Cl4PBI (the PCl series: PCl(0), PCl(1), PCl(2), and PCl(3)), NBI (the N series: N(0),
N(1), N(2), and N(3)), and PMBI (the B series: B(0), B(1), B(2), and B(3)) were synthesized as
outlined in Scheme 3.2.
Scheme 3.2. Synthesis of Semifluorinated PBIs (P(m)), Cl4PBIs (PCl(m)), NBIs (N(m)), and
PMBIs (B(m)) with m = 0, 1, 2, and 3a

a

Reagents and conditions: (i) Zn(OAc)2·H2O, quinoline, 4 h (180 °C); (ii) cat. DMAP, DMF, o/n
(130 °C).
3,4,5-Trimethoxybenzoic acid (1) underwent AIBN-mediated nitration in acetonitrile to give 3,4,5trimethoxynitrobenzene (2) in 69% yield after purification by flash column chromatography (FCC)
on silica gel eluted with EtOAc/hexanes (1:5).72 Demethylation of nitroarene 2 with pyridine
hydrochloride at 200 °C in bulk provided 3,4,5-trihydroxynitrobenzene (3) in 78% yield after FCC
on silica gel (eluted with EtOAc/hexanes, 1:3). 72 Nucleophilic addition of 3 to perfluoropropyl vinyl
ether (PPVE) was achieved in 48% yield with a catalytic amount of potassium tert-butoxide in dry
DMF to give 4, which was purified by FCC on neutral alumina, eluting with EtOAc/hexanes (1:20). 73
Subsequent reduction of 4 with hydrazine hydrate and graphite in a refluxing mixture of ethanol
and THF (2:1) afforded semifluorinated amine dendron 5a, with m = 0, in 58% yield after purification
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by FCC on neutral alumina, eluting with EtOAc/hexanes (1:4). 64,84 Semifluorinated dendronized
amines with m = 1, 2 and 3 (5b, 5c, and 5d, respectively) were synthesized as reported.66
The sixteen dendronized aromatic bisimides were synthesized by condensation of the
bisanhydrides 6, 7, 8, and 9 with the amines 5a, 5b, 5c, and 5d via one of two methods (Scheme
3.2). Dianhydrides 6, 8, and 9 are commercially available. Tetrachlorinated perylene-3,4,9,10tetracarboxylic dianhydride 7 was synthesized from 6 using a modified literature procedure.67,85
Treatment of 6 with chlorosulfonic acid and a catalytic amount of iodine at 65 °C for 20 h, followed
by removal of insoluble starting material by hot filtration, afforded 7 in 94% yield, as an orange solid
used without purification.
Treatment of 6 or 7 with 5a, 5b, 5c, or 5d and Zn(OAc)2·H2O in quinoline for 4 h at 180 °C to afford
P(m) and PCl(m), respectively, with m = 0, 1, 2, or 3, in 20–58% yield after purification by FCC on
silica gel with chloroform as eluent and precipitation into MeOH to remove traces of ionic
impurities.64 Heating 8 or 9 with 5a, 5b, 5c, or 5d and a catalytic amount of DMAP in DMF at 130 °C
for 16 h gave N(m) and B(m), with m = 0, 1, 2, or 3 in 20–58% yield after FCC (silica gel,
EtOAc/hexanes, 1:3).86 P(m), PCl(m), N(m), and B(m) exhibit good solubility in THF and moderate
solubility in CHCl3.
3.2.2

Thermal,

Structural

and

Retrostructural

Analysis

of

the

Assemblies

of

Semifluorinated PBI, Cl4PBI, NBI, and PMBI Derivatives by Differential Scanning Calorimetry
(DSC) and X-ray Diffraction (XRD)
Differential scanning calorimetry (DSC) experiments were used to determine transition
temperatures and their corresponding enthalpy changes. DSC experiments performed at different
heating and cooling rates allow discrimination between ordered periodic arrays assembled via a
thermodynamically or kinetically controlled process.31,64,65 Phase transitions associated with
thermodynamically controlled processes are characterized by a lack of scan rate dependence of
the transition temperature and its associated enthalpy change and little supercooling, whereas
kinetically controlled phase transitions show significant dependence on scan rate, significant
supercooling, and highly dissimilar enthalpy changes in heating and cooling scans. DSC traces of
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the P, PCl, N, and B series were measured at 10 °C/min (Figure A3.1) and 2 °C/min (Figures 3.1
and 3.2). Phases denoted in Figures 3.1 and 3.2 were determined by X-ray diffraction (XRD) as
discussed later. Note that all values of the isotropization temperature (Ti) mentioned in the
discussion refer to Ti upon second heating at 10 °C/min, unless otherwise stated.

Figure 3.1. DSC traces of (a) semifluorinated PBIs P(m) and (b) semifluorinated Cl4PBIs PCl(m)
recorded with heating and cooling rates of 2 °C/min. Phases determined by XRD, transition
temperatures, and associated enthalpy changes (in parentheses in kcal/mol) are indicated.
The Ti values of P(1), P(2), and P(3) are comparable to those of analogous hydrogenated PBIs
(RH-PBIs), (3,4,5)nG1-m-PBI with m = 1, 2, and 3 (Scheme A3.1).31,64,65 Semifluorinated P(1), P(2),
and P(3) have higher Ti values than RH-PBIs with n = 12, but lower Ti values than RH-PBIs with n
= 6 (Table A3.1).82 This difference in Ti where n = 12 is largest for the m = 3 compound (91 °C),
and decreases with decreasing m (68 °C for m = 2) such that there is almost no difference in Ti of
semifluorinated P(0) and P(1) and RH-PBIs (9 °C for both m = 0 and 1). The P series evidences a
general correlation between decreasing linker length, m, and increasing Ti. Decreasing m reduces
the flexibility of the imide-dendron linker (Scheme 3.2), limiting the conformational freedom of the
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dendron and enhancing the ability of the dendronized bisimides to pack into periodic arrays.
However, this trend is not perfect in the P series. Ti of P(3) is 14 °C higher than that of P(2), perhaps
because the more flexible m = 3 compound can adopt a more favorable supramolecular packing
(see XRD discussion later).

Figure 3.2. DSC traces of (a) semifluorinated NBIs N(m) and (b) semifluorinated PMBIs B(m)
recorded with heating and cooling rates of 2 °C/min. Phases determined by XRD, transition
temperatures, and associated enthalpy changes (in parentheses in kcal/mol) are indicated.
Semifluorinated dendrons in P(0) and P(1) transform their self-organization from a kinetically
controlled to a thermodynamically controlled process and promotes formation of 3D crystalline
assemblies rather than 2D periodic arrays. P(0) exhibits a single thermodynamically controlled
crystalline phase (a 3D body-centered orthorhombic crystal, Φc-ok) below its Ti of 358 °C. This
contrasts with (3,4,5)12G1-0-PBI, which exhibits a mixture of kinetically controlled 2D and 3D
phases below 250 °C, and a 2D columnar hexagonal array with short range intracolumnar order
(Φhio) between 250 °C and Ti (372 °C). Thermodynamically controlled self-organization is also
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observed for the high temperature 2D Φhio phase of P(m) with m = 1, 2, and 3. Hence all four
compounds in the P series self-organize into at least one 2D or 3D array via thermodynamic control.
In addition to its thermodynamically controlled Φhio phase, P(1) exhibits two 3D columnar
monoclinic crystalline phases formed via kinetic control: Φmk1, observed at 10 and 2 °C/min, and
Φmk2, observed between 120 and 131 °C only upon heating at 2 °C/min (Figure 3.1a). P(2) forms
a 3D crystalline Φs–ok phase below 109 °C with slow heating (2 °C/min). The transition between the
low temperature Φs–ok phase and high temperature Φhio phase is readily observed by DSC upon
first heating but is barely evident in subsequent cooling and heating due to a reduction in the
enthalpy of the phase transition between these phases. Both phases were evidenced by XRD. P(3)
also generates an undetermined 3D crystalline phase of structure (Φx) via kinetic control. The
readily observed crystalline phases in P(1), P(2), and P(3) contrast the hydrogenated (3,4,5)12G1m-PBI with m = 1, 2, and 3 for which crystalline phases were observed only with heating at a slow
rate of 1 °C/min.
Tetrachlorination of the PBI core distorts its planarity due to steric and electronic repulsion between
adjacent chlorine atoms.68,87–89 Single-crystal XRD studies demonstrated that this distortion
induces a twist in the PBI core of 35–37°, which shows little dependence on the identity of the
groups attached to the imide positions of the Cl4PBI core.68,87–89 A previous study67 comparing the
supramolecular assemblies of RH-PBI and hydrogenated Cl4PBI derivatives (RH-Cl4PBI) showed
that RH-Cl4PBIs exhibited lower values of Ti than RH-PBIs, as expected from the twisting of the
aromatic core and the subsequent disruption to π–π stacking between adjacent molecules.
However, all phases exhibited by RH-Cl4PBIs with m = 0, 1, and 2 were unexpectedly crystalline
and of higher order than analogous RH-PBIs. Two of these crystalline phases (Φc–ok and Φmk) were
generated via thermodynamic control in the m = 0 RH-Cl4PBI. Solid state NMR experiments
confirmed a more regular packing in RH-Cl4PBIs than in RH-PBIs.
Like P(0), semifluorinated PCl(0) exhibits only a single 3D crystalline Φc–ok phase formed under
thermodynamic control (Figure 3.1b). The Ti of PCl(0) is 85 °C lower than that of P(0), as expected
from the disruption of planarity in the PCl(0) core. The generation of a single crystalline phase in
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PCl(0) is consistent with the exclusively crystalline phases in R H-Cl4PBI and further evidences that
the disordered Cl4PBI core generates high degrees of order in its supramolecular assemblies. 67
As observed for the P series, increasing m results in a generally decreased Ti for the PCl series.
PCl(1) has a Ti of 125 °C, below which PCl(1) generates a single crystalline 3D Φhk phase accessed
via an exothermic crystallization upon heating from the as-prepared sample (Figure 3.1b). PCl(2)
generates an unidentified disordered periodic array (Ti = 53 °C) whereas PCl(3) exhibits a 2D Φhio
phase (Ti = 80 °C). After heating to the isotropic state, neither phase is reformed in PCl(2) or PCl(3)
upon cooling, even at 2 °C/min (Figure 3.1b). In contrast, the hydrogenated counterpart to PCl(2)
self-organizes into two crystalline phases (Φc–ok and Φmk) below its Ti of 108 °C. Substitution of
semifluorinated for hydrogenated dendrons decreases Ti of Cl4PBI compounds with m = 1, 2, and
3 (Table A3.1).
The N series also exhibits the trend of decreasing Ti with increasing m (Figure 3.2a) seen for the
PCl series and, to a lesser extent, for the P series. The Ti of N(0) is 176 °C, significantly lower than
Ti of P(0) and PCl(0) (358 and 273 °C,), as expected from the lower degree of π–π stacking
available to molecules of N(0) due to their smaller aromatic core. N(1) and N(2) have lower Ti values
than N(0) (89 and 83 °C, respectively, vs 176 °C), and N(3) exhibits only an isotropic phase.
In contrast to the P series, the PCl series, and reported semifluorinated (3,4,5)PPVEG1-m-S4NBI
(Scheme A3.1),66,90 which all exhibited a mixture of 2D and 3D phases, N(m) with m = 0, 1, and 2
exhibit only 3D crystalline arrays after first heating. N(0) exhibits a single, thermodynamically
controlled crystalline columnar hexagonal phase (Φhk) below Ti. N(1) exhibits a 2D Φhio phase upon
first heating which is not reformed upon subsequent heating or cooling and hence represents a
nonequilibrium phase formed during sample preparation. Instead, N(1) forms a 3D Φc–ok phase,
observed by DSC with slow heating and cooling (2 °C/min) or upon quicker heating (10 °C/min) via
an exotherm at 46 °C. N(2) exhibits a kinetically controlled 3D crystalline Φs–ok phase which shows
a large dependence on heating and cooling rate. At 2 °C/min, the as-prepared sample exhibits the
Φs–ok phase, which melts at 94 °C and is reformed after a large degree of supercooling (48 °C) at
46 °C. At 10 °C/min, the Φs–ok phase is not regenerated upon cooling the isotropic melt to –50 °C.
A second heating reforms the Φs–ok phase at 23 °C, as evidenced by an exothermic peak in DSC
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(Figure A3.1c, right). N(3) exhibits no discernable periodic arrays, even at 2 °C/min from the asprepared sample, which is an oil at room temperature. The formation of crystalline phases in N(1)
and N(2) and lack of crystalline phases in N(3) parallels the behavior of (3,4,5)PPVEG1-m-S4NBI,66
for which crystalline phases were observed only in the m = 1 and 2 derivatives.
The B series contains the smallest possible aromatic core–a benzene ring–and therefore have the
lowest ratio of aromatic to semifluorinated regions reported here. DSC traces for the B series are
shown in Figure 3.2b. As for the P, PCl, and N series, decreasing the size of the planar aromatic
region decreases Ti: Ti of B(0) (86 °C) is the lowest of all four m = 0 compounds (Ti values of N(0),
PCl(0) and P(0) are 176, 273 and 358 °C, respectively). B(0) generates a single crystalline phase,
as observed in P(0), PCl(0), and N(0). However, this Φhk phase in B(0) is generated via a kinetically
controlled process, rather than a thermodynamically controlled process as observed for the other
m = 0 compounds. In the as-prepared sample, B(1) exhibits a Φmk phase which could not be
regenerated with subsequent cooling and heating cycles, even at the slow rate of 2 °C/min (Figure
3.2b). The correlation between increasing m and decreasing Ti seen in the P, PCl, and N series is
observed too for B(0), B(1), and B(3). However, B(2) provides a notable exception to this trend.
Indeed, its Ti of 96 °C is higher than that of B(0) (86 °C). B(2) also disobeys the trend of decreasing
thermal stability with decreasing planar aromatic region; Ti of B(2) is higher than that of N(2) and
PCl(2) (96 °C vs 83 and 53 °C, respectively). B(2) forms a 3D Φs–ok phase in the as-prepared
sample, with a transition to a 3D Φc–ok phase at 80 or 77 °C upon first heating at 10 or 2 °C/min,
respectively. In subsequent cooling and heating cycles, only the Φc–ok phase is observed. We
propose that the unexpectedly high melting temperature of B(2) arises from reduced steric
interactions between neighboring molecules in the helical supramolecular columns of B(2). B(3),
like N(3), exhibits no discernable periodic arrays and is an oil at room temperature. The physical
properties of electronic liquids such as N(3) and B(3) may be of fundamental interest.
A summary of the thermal analysis of semifluorinated PBI, Cl 4PBI, NBI, and PMBI derivatives is
presented in Tables A3.2 and A3.3.
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3.2.3

Structural and Retrostructural Analysis of the Assemblies of Semifluorinated PBI,

Cl4PBI, NBI, and PMBI by Oriented Fiber XRD and Simulation of XRD of their Supramolecular
Models
Phases were determined by analysis of XRD patterns of oriented fibers (Figures 3.3 to 3.7),
generation of supramolecular models and comparison of experimental XRD data with XRD
simulated from those models.31,33,52 After comparison of experimental and simulated XRD patterns,
the molecular model was refined and the XRD pattern simulated again. This iterative process
continued until either the simulated XRD pattern substantially reproduced the experimental data,
or no substantial improvement was observed in the agreement between the experimental and
simulated XRD patterns. The models shown in Figures 3.3 and 3.5 to 3.7 represent the model
whose simulated XRD pattern most closely agreed with the experimental XRD pattern. All
simulations were performed with models which included the semifluorinated chains. Models shown
without the peripheral semifluorinated chains for clarity, their simulated XRD patterns and the
experimental XRD data are provided in Figures A3.2 to A3.5.
The presence of numerous sharp, well resolved diffraction peaks in the quadrants of the XRD
patterns of P(0), P(1), P(2), and P(3) (Figure 3.3) indicates high molecular order indicative of
crystalline supramolecular arrays. Furthermore, the presence of off-meridional reflections forming
a cross-pattern indicate long-range helical order that is correlated between columns, observed in
P(1), N(0), N(1), B(0), and B(1).2,33,34
The P, PCl, N, and B series generate three classes of helical structures: propeller-like, which
refers to the propeller-like molecular conformation of m = 0 molecules in which the phenyl ring of
the dendron is twisted out of the plane of the aromatic core; cogwheel,32 which refers to a model
recently reported by Percec’s laboratory in which the semifluorinated chains on the periphery of the
dendron are aligned parallel to the column axis; and tilted, in which the semifluorinated chains are
tilted with respect to the column axis.

61

Figure 3.3. XRD patterns collected from oriented fibers of the P series (a–d) and schematic
illustrations of molecular models for the P series (e–g). Temperature, phase, lattice parameters,
layer lines and fiber axis are indicated, as appropriate. Phase notation: Φc–ok – columnar centered
orthorhombic crystalline phase; Φs–ok – columnar simple orthorhombic crystalline phase; Φhio – 2D
columnar hexagonal phase with short range intracolumnar order. Color code: green – C, aromatic
core; yellow – C, dendron phenyl ring; grey – C, dendron linker; white – H; red – O; dark blue – N;
light blue and orange – semifluorinated chains.
All three helical structures are observed in the P series. Molecules in the helical columns of the
Φc-ok of P(0) adopt a propeller-like conformation which avoids steric hindrance between the
otherwise coplanar phenyl ring and bisimide (Figure 3.3a, e). Taking the volume of the unit cell of
P(0) from XRD-derived lattice parameters, together with its experimental density (1.71 g/cm 3), it
was determined that the supramolecular columns in the Φc–ok phase of P(0) are constructed with
two molecules per column stratum of thickness 5.1 Å. Simulations of XRD patterns were unable to
exactly reproduce the experimental pattern (Figure 3.3a). The most consistent model (Figure 3.3e)
suggests that the PBI cores of the two molecules in each column stratum are coplanar and arranged
side-by-side within the stratum, forming a planar dimer. Each dimer is rotated by 45° with respect
to its adjacent dimer. Together, this tetramer repeats along the column, with neighboring tetramers
rotated by 90° with respect to each other to generate a helical column with 8 molecules (4 column
strata) in its unit cell. The interdimer π–π stacking distance of 5.1 Å in P(0) is similar to that of the
Φhio phase of m = 0 RH-PBI (4.8 Å) due to the propeller-like conformation of the m = 0 dendrons
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which limits the stacking distance between molecules and prevents close contact π–π stacking
(3.3–3.8 Å).82,83

Figure 3.4. XRD patterns of the (a) Φmk2 phase and (b) Φhio phase of P(1), (c) Φhio phase of P(2)
and (d) Φxk phase of PCl(3). Temperature, phase, lattice parameters, layer lines and fiber axis are
indicated, as appropriate. Phase notation: Φmk2 – columnar monoclinic crystalline phase; Φhio – 2D
columnar hexagonal phase with short range intracolumnar order; Φxk – unidentifiable crystalline
columnar phase.
P(1) forms two kinetically controlled crystalline monoclinic phases, Φmk1 (Figure 3.3b, f) and Φmk2,
and a thermodynamically controlled 2D columnar hexagonal array, Φhio (Figure A3.4b). In both
Φmk1 and Φmk2, single molecules are stacked with a relative rotation of 36° between neighboring
strata. As will be discussed later, molecular modeling and reconstruction of the XRD pattern
indicate that Φmk2 of P(1) self-organizes via a cogwheel helical model.32 The difference between
the structures of the Φmk1, Φmk2, and Φhio phases in P(1) lies in the supramolecular arrangement
of the helical columns. The kinetically controlled Φmk2 phase involves a slight distortion of the
columns from a perfect hexagonal array, suggesting a deviation from a perfectly symmetric column,
along with an increase in the average column diameter to 25.3 Å. In the thermodynamically
controlled high temperature Φhio phase, observed above 123 °C, these columns are arranged in a
2D hexagonal array with column diameter 27.6 Å. This increase in column diameter suggests more
disorder in the semifluorinated region, as expected at higher temperature. In contrast, the lattice
parameters of the low temperature Φmk1 phase indicate a substantial deviation from symmetric
columns. So far the exact nature of this distortion was not ascertained via molecular modeling and
XRD reconstruction studies. However, we can assume that there must be significant disorder in
the semifluorinated portions of the dendrons to adequately fill the unit cell determined by XRD. In
all three phases, each column stratum of 3.4 Å contains only a single molecule. The Φhio phase is
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characterized by a lower degree of intra- and intercolumnar correlations, with shorter range helical
order, but the average π–π distance between molecules is also 3.4 Å (Figure A3.4b), which
represents close contact between aromatic cores. 82,83 The methylene linker in P(1) permits tilting
of the dendron with respect to the stratal plane, reducing the unfavorable steric interactions
between propeller-like molecules of P(0) and permitting a closer intermolecular arrangement (3.4
Å in P(1) vs 5.1 Å in P(0)). This closer arrangement is also supported by solid state NMR to be
discussed later. The 3.4 Å π–π distance of the three phases of P(1) is almost equal to that of the
Φmk phase of m = 1 RH-PBI (3.5 Å).
Unlike P(0) and P(1), P(2) self-organizes into a lamellar-like arrangement of molecules with a planar
single unit repeat and extended semifluorinated chains (Figure 3.3g), denoted “Φs–ok” for
consistency with other structures in this work. Close intermolecular π–π stacking of 3.5 Å is evident
from XRD (Figure 3.3c), almost identical to that in P(1). As for P(1), the molecules of P(2) arrange
into a 2D thermodynamically controlled Φhio phase with short range inter- and intra-columnar order
at high temperature (Figure A3.4c).
P(3) assembles into helical columns in which molecules are separated by 3.4 Å, to give a 2D Φhio
phase with short range helical order at elevated temperature (Figure 3.3d). P(3) additionally forms
an unidentified crystalline Φx phase at low temperature (Figure A3.4d), which has a large unit cell
and most likely represents a non-columnar arrangement of molecules. This crystalline Φx phase
has a well-defined c parameter along the fiber axis (~55 Å) and a characteristic distance of ~62 Å
in the ab-plane. In summary, P(m) molecules with m = 0, 1, 2, and 3 self-assemble to give 3D
crystals at low temperature. The 3D crystal of P(0) is formed via a thermodynamically controlled
process. P(0), P(1) and P(2) exhibit propeller-like helical, cogwheel helical and lamellar-like
structures, respectively. P(m) with m = 1, 2, and 3 also generate thermodynamically controlled 2D
columnar hexagonal Φhio phases with short π–π stacking distances of 3.4 or 3.5 Å at higher
temperature.
XRD patterns and molecular models of the supramolecular assemblies of the PCl series are shown
in Figure 3.5. Like P(0) (Figure 3.3e), PCl(0) adopts a propeller-like molecular conformation and
generates tetramers which self-organize into a Φc-ok phase (Figure 3.5e). The π–π stacking
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distance of PCl(0) (5.3 Å) is slightly larger than that of P(0) (4.8 Å) and arises from the increase in
the effective volume of the Cl4PBI core caused by its distortion from planarity. The
thermodynamically controlled formation of a single crystal phase in P(0) and PCl(0) contrasts both
with the mixture of 2D and 3D phases generated by m = 0 RH-PBI82 and with the mixture of
thermodynamically and kinetically 3D phases generated by m = 0 RH-Cl4PBI.67

Figure 3.5. XRD patterns collected from oriented fibers of the PCl series (a–d) and schematic
illustrations of molecular models for PCl(0) (e) and PCl(1) (f). Temperature, phase, lattice
parameters, layer lines and fiber axis are indicated, as appropriate. Phase notation: Φc–ok –
columnar centered orthorhombic crystalline phase; Φhk – columnar hexagonal crystalline phase;
Φx – unidentified disordered 2D columnar phase; Φhio – 2D columnar hexagonal phase with short
range intracolumnar order. Color code: green – C, aromatic core; yellow – C, dendron phenyl ring;
grey – C, dendron linker; white – H; red – O; dark blue – N; light blue and orange – semifluorinated
chains.
PCl(1) exhibits a 3D Φhk phase generated by a kinetically controlled process in which the helical
columns are formed by single molecules stacked with a π–π distance of 4.0 Å and rotated by 45°
with respect to adjacent molecules (Figure 3.5f). The enhanced flexibility afforded by the m = 1
linker in PCl(1) allows the molecules to adopt a more favorable conformation and generate closer
π–π stacking than in PCl(0) (5.3 Å). As discussed later, reconstruction of the XRD pattern of PCl(1)
suggests that its columns self-organize according to the cogwheel mechanism.32
PCl(2) and PCl(3) form 2D phases via kinetic control. It was not possible to determine the structure
of the 2D phase in PCl(2) due to the low degree of order and low Ti of the compound. The XRD
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pattern of the ordered array observed only upon first heating of an as prepared sample of PCl(3)
(Figure 3.5d) is consistent with a Φhio lattice with an a parameter of 31.9 Å. The intense meridional
feature suggests a π–π stacking distance of ~4.2 Å, i.e. slightly higher than that in PCl(1) (4.0 Å).
Unfortunately, XRD simulation studies of various models of PCl(3) consistent with the experimental
density (1.69 g/cm 3, Table A3.5) were unable to reproduce the experimental XRD pattern
satisfactorily, and therefore the nature of the molecular packing of PCl(3) could not be determined.
The typically observed columnar structures generated by dendronized PBIs, 32,66,67 characterized
by planar cofacial π–π stacking of aromatic cores, is disrupted in m = 3 derivatives due to the
enhanced flexibility of the longer linker. This gives rise to non-columnar (P(3)) and/or atypical
columnar structures (PCl(3)) or, as will be discussed later, disfavoring the formation of ordered
arrays completely (N(3) and B(3)).
Figure 3.6 shows XRD patterns and molecular models of the supramolecular assemblies in the N
series. As for P(0) and PCl(0), N(0) exhibits a single, thermodynamically controlled crystalline
phase below Ti. While this phase is a Φc–ok phase for P(0) and PCl(0), for N(0) this is a Φhk phase.
The helical columns of N(0) are constructed from a single molecules separated by 5.1 Å (Figure
3.6e). This is almost identical to the π–π distances observed in the Φc-ok phase of P(0) and PCl(0)
(5.1 and 5.3 Å, respectively) and arises from the propeller-like conformation of m = 0 molecules.
A fiber extruded from an as prepared sample of N(1) at 23 °C exhibits two crystalline phases upon
first heating at 2 °C/min: an initially observed Φhk phase (Figure 3.6b, f) and a subsequently formed
Φc–ok phase (Figure 3.6c, g). Cooling and reheating regenerate only Φc–ok, which must therefore
be a kinetically controlled crystalline phase that represents the thermodynamic product of
supramolecular self-organization. Both phases exhibit close contact (3.4 Å) stacking of aromatic
cores. The difference in the stabilities of Φhk and Φc–ok lies in the molecular packing within the
helical columns. In the less favorable Φhk phase, N(1) molecules are stacked with a relative rotation
of 60° to each other. In contrast, heating the sample above 44 °C (Figure 3.2a) permits
rearrangement of the molecules to generate the Φc–ok phase, in which the intermolecular rotation
is 90°. The columns in both Φhk and Φc–ok are helical, but are inconsistent with the cogwheel model
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observed for P(1) and PCl(1) (to be discussed later). Instead, peripheral chains on the columns of
N(1) are tilted away from the column axis.

Figure 3.6. XRD patterns collected from oriented fibers of the N series (a–d) and schematic
illustrations of molecular models of the N series (e–h). Temperature, phase, lattice parameters,
layer lines and fiber axis are indicated, as appropriate. Phase notation: Φhk – columnar hexagonal
crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φs–ok – columnar
simple orthorhombic crystalline phase. Color code: green – C, aromatic core; yellow – C, dendron
phenyl ring; grey – C, dendron linker; white – H; red – O; dark blue – N; light blue and orange –
semifluorinated chains.
N(2) adopts a kinetically controlled Φs–ok phase (Figure 3.6d, h), observable with slow first heating
at 2 °C/min or via an exothermic crystallization at 23 °C upon second heating at 10 °C/min (Figure
A3.1c). N(2) generates a lamellar-like arrangement of molecules rather than a columnar structure,
denoted “Φs–ok” as for P(2). The molecules in this phase are separated by a larger distance (5.1 Å)
than those in N(1) (3.5 Å) and identical to the π–π stacking distance in N(0) (5.1 Å).
As with the other m = 0 compounds discussed here, B(0) adopts a propeller-like molecular
conformation and generates only a single helical crystalline phase below Ti, (Figure 3.7a, e).
However, this crystal is formed via a kinetically controlled process in B(0) whereas P(0), PCl(0),
and B(0) form crystalline phases via thermodynamic controlled processes. The Φhk phase
generated by B(0) suggests that compounds with smaller aromatic cores (N(0) and B(0)) are able
to adopt a higher symmetry structure (Φhk) than compounds with larger cores (P(0) and PCl(0)),
which form pseudohexagonal Φc–ok phases. The Φhk phase of B(0) forms a pseudohexagonal array
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of single-column unit cells more accurately described as a larger hexagonal unit cell containing four
columns with slightly differing projections on the ab-plane of the lattice. Solid state NMR
experiments to be discussed later supports asymmetric packing in the crystalline Φhk phase of B(0)
but the exact nature of the difference between columns could not be ascertained through molecular
modeling and XRD simulation studies. The helical column of B(0) in Φhk comprises a single unit
repeat with an intermolecular π–π stacking distance of 4.6 Å, i.e. slightly smaller than in N(0) (5.1
Å) but still consistent with a propeller-like molecular conformation.

Figure 3.7. XRD patterns collected from oriented fibers of the B series (a–d) and schematic
illustrations of molecular models of the B series (e–h). In (b), the WAXS pattern on the left was
collected at a detector-to-sample distance of 11 cm, and the IAXS pattern on the right was collected
at a detector-to-sample distance of 54 cm. Temperature, phase, lattice parameters, layer lines and
fiber axis are indicated, as appropriate. Phase notation: Φhk – columnar hexagonal crystalline
phase; Φmk – columnar monoclinic crystalline phase; Φs–ok – columnar simple orthorhombic
crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase. Color code: green –
C, aromatic core; yellow – C, dendron phenyl ring; grey – C, dendron linker; white – H; red – O;
dark blue – N; light blue and orange – semifluorinated chains.
B(1) exhibits a single kinetically controlled Φmk phase (Figure 3.7b, f), observable upon first heating
(Figure 3.2b) with similar helical columns to those in Φhk of B(0): both compounds stack in a helical
arrangement with a 60° rotation between adjacent molecules and a similar intermolecular distance:
4.5 Å in B(1) vs 4.6 Å in B(0). Furthermore, their experimental XRD patterns are best indexed by
large, low symmetry unit cells, but could almost be described by a unit cell in which the a and b
parameters are decreased by 50% to give a unit cell containing a single column. These unit cells
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are of almost equal dimensions (Figure 3.7a, b) and volumes: 27.2 nm 3 in Φmk of B(1) vs 29.2 nm3
in Φhk of B(0). The key difference between the supramolecular packing of B(0) and B(1) is the
relative conformation of the phenyl ring of the dendron. The methylene linker in B(1) precludes a
propeller-like conformation, generating instead a crystalline array of tilted helical columns.
Unlike the trend observed in the P, PCl and N series, which correlates increasing m with decreasing
Ti, B(2) (Ti = 96 °C) has a markedly higher Ti than both B(1) (Ti = 45 °C), which does not selfassemble into any 2D or 3D arrays after initial melting, and B(0) (Ti = 84 °C), which adopts a
thermodynamically controlled crystalline Φhk phase (Figure 3.7a, e).
The π–π stacking distance in B(2) (3.4 Å) is shorter than stacking distances in B(0) (4.6 Å) and
B(1) (4.5 Å). This close contact packing was also observed in P(1), P(2), and N(1), and may be
responsible for the enhanced Ti of B(2) relative to B(0) and B(1). Neighboring molecules in the
supramolecular columns of B(2) are rotated by 90° with respect to each other, forming a dimeric
unit which repeats along the column axis. Although the arrangement of aromatic cores in columns
of B(2) is helical, the small size of its aromatic core compared to the size of the unit cell (Figure
3.7h) suggests that the semifluorinated chains of B(2) are extended far from the column core. This
is more typical of lamellar-like structures such as those formed by P(2) and N(2) than it is for tilted
helical structures such as N(1) and B(1). B(2) also exhibited a crystalline Φs–ok phase in the as
prepared sample (Figure 3.7c, g), which was not reformed upon subsequent heating and cooling.
This Φs–ok phase is a lamellar-like arrangement of molecules rather than a true columnar structure
and is denoted “Φs–ok” for consistency. Table A3.5 summarizes the lattice parameters of all
compounds, determined from fiber XRD experiments. Detailed structural analysis data are
presented in Table A3.4.
3.2.4

Molecular Modeling and Reconstruction of the XRD Patterns of P(1) and PCl(1) with

the Cogwheel Model
A library of dendronized PBIs (denoted PBI*) with m = 1 and dendrons with three chiral
dimethyloctyloxy chains that self-organize into supramolecular helices via a cogwheel mechanism
was recently reported.32 Simulated XRD patterns generated from cogwheel models of P(1) and
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PCl(1) closely reproduce experimentally obtained XRD patterns (Figure 3.8), indicating that P(1)
and PCl(1) self-organize according to the cogwheel model.

Figure 3.8. The cogwheel model of P(1) (a–d) in Φmk2 and of PCl(1) (e–h) in Φhk. (a–c) Schematic
illustrations of the cogwheel model of P(1) used in the XRD simulation in (d). (d) Comparison of
(left) experimental and (right) simulated XRD patterns of P(1). (e–g) Schematic illustrations of the
cogwheel model of PCl(1). (h) Comparison of (left) experimental and (right) reconstructed XRD
patterns of PCl(1). Phases, lattice indexing, temperature and phase are indicated. Phase notation:
Φmk2 – columnar simple monoclinic crystalline phase; Φhk – columnar hexagonal crystalline phase.
Dcol, exp represents the column diameter as determined from lattice parameters calculated from XRD
data. Dcol, model represents the column diameter of the supramolecular column as modeled, depicted
in (c) and (g) for P(1) and PCl(1), respectively. Color code: green – C, aromatic core; yellow – C,
dendron phenyl ring; grey – C, dendron linker; light blue, orange – semifluorinated chains; white –
H; red – O; dark blue – N, imide.
A key criterion for the cogwheel model is the arrangement of peripheral alkyl or semifluorinated
chains parallel to the column axis, thereby acting as the ‘teeth’ of a cogwheel. 32 The diameters of
supramolecular columns of P(1) and PCl(1) modeled with parallel semifluorinated chains (Figure
3.8c, g; Dcol, model = 25.4 Å) reproduce the diameters of the columns derived from XRD data (Figure
3.8d, h and 3.9a, b; Dcol, exp = 25.3 Å). Furthermore, the helical half-pitch of the columns of P(1) and
PCl(1) (c = 17.0 and 16.1 Å, respectively) is longer than the length of the semifluorinated chain,
meaning that there is no steric interference between chains of adjacent molecules. These
observations together indicate that P(1) and PCl(1) assemble via the cogwheel mechanism.
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Figure 3.9. Models of the supramolecular columns in (a) P(1), (b) PCl(1), (c, d) N(1). (left) Column
side view and (right) selected molecules which are separated by a distance equal to the helical
half-pitch, c, with a relative rotation of 180°. Dcol, exp represents the column diameter as determined
from lattice parameters calculated from XRD data. Dcol, model represents the column diameter of the
supramolecular column as modeled. Color code: green – C, aromatic core; yellow – C, dendron
phenyl ring; grey – C, dendron linker; light blue, orange – semifluorinated chains; white – H; red –
O; dark blue – N, imide.
In contrast, a model of N(1) with semifluorinated chains parallel to the column axis is not plausible
or consistent with experimental data (Figure 3.9c). A cogwheel column of N(1) has a diameter of
21.4 Å, less than that of P(1) or PCl(1) due to the smaller core size of NBI vs PBI or Cl4PBI. This
modeled diameter is also significantly less than the column diameter derived from XRD data (25.4
Å). Furthermore, the short helical half-pitch of the cogwheel column of N(1) (c = 10.2 Å) is longer
than the length of the semifluorinated chain, resulting in steric clashes between semifluorinated
chains, with distances closer than the van der Waals radii of the atoms would allow.
The insufficient diameter and steric clash in the cogwheel column of N(1) can be alleviated by
introducing a tilt into the chains of N(1) (Figure 3.9d). Tilted chains widen the column diameter; in
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the model shown in Figure 3.9d, the chains are tilted so that the modeled column diameter matches
the experimental column diameter (25.4 Å). The tilted chains also pack more plausibly into the
column, avoiding unfavorable overlap of adjacent chains. In conclusion, modeling and simulation
of XRD data demonstrate that P(1) and PCl(1) self-assemble via the cogwheel mechanism, while
N(1) exhibits a non-cogwheel helical structure with tilted semifluorinated chains.
The cogwheel model allowed PBI* to deracemize at the supramolecular level. 32 The semifluorinated
molecules reported here are also chiral but racemic, due to the asymmetric CHF unit in the
semifluorinated chain. PCl(1) exhibits a columnar hexagonal unit cell, and hence deracemization
may occur between supramolecular helices of PCl(1). However, the inability to access enantiopure
semifluorinated minidendrons precludes experimental investigation into this process. P(1) forms a
monoclinic phase with two columns in its unit cell, and hence columns of different handedness
could pack together in the same crystalline domain in their assemblies.
No other compounds in the library of 16 compounds reported here can be described with a
physically plausible model consistent with the cogwheel mechanism. P(1), PCl(1), and PBI* all
have a perylene core, close contact π–π stacking and a single methylene unit m = 1 linker. This
implies that the cogwheel model can be a general mechanism for columnar self-assembly. These
results provide some tentative parameters for the design of further structures exhibiting a cogwheel
structure, but additional experiments are required to enable design of programmed selforganization via the cogwheel model.
3.2.5

Comparative

Analysis

of

the

Complex

Supramolecular

Assemblies

of

Semifluorinated PBI, Cl4PBI, NBI, and PMBI
Figure 3.10 depicts the supramolecular columnar structures and phase diagrams of the P, PCl, N,
and B series. Twelve compounds self-organize to give a single molecule in the strata of their
columns. In contrast, P(0) and PCl(0) contain two molecules per stratum, as seen in RH-PBIs and
RH-Cl4PBIs.67,82 This may arise from the higher electron density of the semifluorinated segments
and consequently higher electronic repulsion between these segments when packed together with
a column stratum. Helical crystallization occurs via thermodynamic control for Φc–ok of P(0) and
PCl(0) and for Φhk of N(0), whereas Φhk is formed via a kinetically controlled process in B(0). All
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m = 0 compounds generate a single crystalline phase, which contrasts with the multiple phases
observed in RH-PBI82 and RH-Cl4PBI.67 The propeller-like molecular conformation induces steric
hindrance between adjacent molecules such that the m = 0 compounds demonstrate the highest
π–π stacking distances within their respective series. However, the intermolecular spacing in the
remaining structures in the P series does not vary significantly with m (3.4 Å in P(1) and 3.5 Å in
P(2)). These distances correlate well with the shortest intramolecular distances observed in R H-PBI
(3.5 Å). For all values of m, the intermolecular π–π spacing in PCl(m) is greater than that in P(m),
as expected from the disruption to the planarity of the aromatic core in Cl 4PBI molecules caused
by steric and electronic repulsions between the chlorine atoms in the bay-positions.
All molecules in the PCl series (Figure 3.10c) exhibit a lower Ti than molecules in the P series
(Figure 3.10b) with the same linker length, m, consistent with RH-PBI and RH-Cl4PBI.82,83
Tetrachlorination of RH-PBI had also been observed to increase the crystallinity of their
supramolecular assemblies, such that RH-Cl4PBI with m = 0, 1, and 2, generated solely crystalline
structures.67 P(0) and PCl(0) both form a single crystalline Φc–ok phase via thermodynamic control.
P(1) exhibits two crystalline monoclinic phases at low temperature, Φmk1 and Φmk2, but transforms
into a 2D Φhio structure upon heating. In contrast, PCl(1) forms only a single crystalline Φhk phase
below Ti. Hence tetrachlorination of P(1) provides exclusively crystalline assemblies. This effect is
not observed with longer linker lengths: PCl(2) and PCl(3) do not form any ordered arrays reformed
upon cooling from an isotropic melt. In contrast, P(2) and P(3) form crystalline assemblies at low
temperature and 2D Φhio phases at higher temperature, as observed for P(1). This high
temperature Φhio phase in P(m) with m = 1, 2, and 3 is formed via a thermodynamically controlled
process. Therefore, all P(m) compounds generate a thermodynamically controlled phase, which is
a crystalline Φc–ok phase for m = 0 and a 2D Φhio phase for m = 1, 2, and 3. Tetrachlorination of
P(m) prevents the formation of 2D arrays via a thermodynamically controlled process, instead
either promoting formation of 3D arrays (Φc–ok in PCl(0) and Φhk in PCl(1)) or eliminating the
formation of any stable ordered arrays, as in PCl(2) and PCl(3). PCl(2) and PCl(3) represent
examples of electronically active semifluorinated liquids and glasses, which may be of interest for
applications in special organic electronics.
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Figure 3.10. (a) Comparison of the supramolecular columns self-assembled from the P, PCl, N,
and B series. (b–e) Summary of thermal phase behavior of periodic arrays as a function of m and
temperature for (b) the P series, (c) the PCl series, (d) the N series and (e) the B series. Data
obtained from DSC and XRD upon second heating at indicated heating rate, unless otherwise
stated. Formation process abbreviation: Thermo – thermodynamic; Kin, K – kinetic. Phase notation:
Φc–ok – columnar centered orthorhombic crystalline phase; Φs–ok – columnar simple orthorhombic
crystalline phase; Φhio – 2D columnar hexagonal phase with short range intracolumnar order; Φhk
– columnar hexagonal crystalline phase; Φmk – columnar monoclinic crystalline phase; Φx –
unidentified disordered phase; Φxk – unidentified crystalline phase. Color code: green – aromatic
core; orange, blue – dendron phenyl ring; grey – dendron linker; pink – Cl atom.
Molecules of the N and B series generally exhibit substantially lower Ti values than the P and PCl
series (Figure 3.10d, e). However, in contrast to the mixture of 2D arrays and 3D crystalline phases
observed in the P and PCl series, all non-isotropic phases in the molecules of the N and B series
are crystalline. This reduction in overall thermal stability with concomitant elimination of noncrystalline phases has been observed in the PCl series and in RH-Cl4PBIs.67 The molecules in the
N and B series also have a smaller planar aromatic region than PBI derivatives, which reduces π–
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π interactions and the favorability of non-crystalline phases to such an extent that they are not
observed.
Whereas P(0) and PCl(0) stack with π–π distances that are 1.3–1.7 Å greater than those where m
= 1, 2, and 3, which exhibit near-identical stacking distances to each other, there is no simple
relationship between π–π stacking distance and linker length, m, in the N and B series. In the B
series, the π–π stacking distance is almost identical in B(0) and B(1) (4.6 vs 4.5 Å) but is markedly
lower in the unexpectedly stable B(2) (3.4 Å). In the N series, N(0) and N(2) exhibit the largest
stacking distances (5.1 and 5.2 Å) and N(1) has the lowest distance in the N series (3.4 Å). It is
notable that the helical columns of both N(1) and B(2), the most closely packed structures in their
respective series, are formed from dimers in which molecules are in close contact and rotated by
90° with respect to each other, whereas the columns of all other periodic arrays formed by
molecules in the N and B series consist of single unit repeats with greater separation between
adjacent aromatic cores (Figure 3.10a).

Figure 3.11. (a) Schematic summary of column structure in supramolecular columns selfassembled from the P, PCl, N, and B series. (b) Structural models to exemplify the three helical
mechanisms for self-assembly observed in this work: (left) propeller-like helical; (center) cogwheel
helical; (right) tilted helical. Phase notation: Φc–ok – columnar centered orthorhombic crystalline
phase; Φs–ok – columnar simple orthorhombic crystalline phase; Φhio – 2D columnar hexagonal
phase with short range intracolumnar order; Φhk – columnar hexagonal crystalline phase; Φmk,
Φmk1, Φmk2 – columnar monoclinic crystalline phase; Φx – unidentified disordered phase; Φxk –
unidentified crystalline phase; i – isotropic. Color code: green – C, aromatic core; yellow – C,
dendron phenyl ring; grey – C, dendron linker; light blue, orange – semifluorinated chains; white –
H; red – O; dark blue – N, imide.
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Figure 3.11 compares the structures of the supramolecular columns generated by compounds in
the P, PCl, N, and B series. Semifluorinated compounds with m = 0 and 1 form exclusively helical
structures. Propeller-like molecular conformations (Figure 3.11b, left) are observed in all m = 0
compounds (blue in Figure 3.11a). The semifluorinated chains in propeller-like helical
conformations are slightly tilted away from the column axis. In contrast, the semifluorinated chains
in cogwheel columns (red in Figure 3.11a) are aligned parallel to the column axis (Figure 3.11b,
center). The cogwheel model is observed only in P(1) and PCl(1), that is, compounds with an m =
1 linker and large aromatic core. These traits were observed in PBI* which also assembled via the
cogwheel mechanism.32
Helical columns, with semifluorinated chains tilted away from the column axis (tilted helical, green
in Figure 3.11a and Figure 3.11b, right) are observed in several phases: the thermodynamically
controlled high temperature 2D columnar hexagonal Φhio phases of P(m) with m = 1, 2, and 3, and
the crystalline phases of non-cogwheel m = 1 derivatives N(1) and B(1). The disruption from a
cogwheel model in the P series is due to increased motion of the semifluorinated chains in the high
temperature Φhio phase, introducing a liquid-like semifluorinated region in the periodic array. In
N(1) and B(1), the smaller aromatic core increases steric hindrance between semifluorinated
chains on neighboring molecules and forces the dendrons to tilt away from the column axis. P(2),
N(2), and B(2) adopt planar molecular conformations, forming lamellar-like Φs–ok phases with
extended semifluorinated chains and a non-helical arrangement of aromatic cores. These phases
are characterized by a lack of rotation between adjacent molecules, and the extension of
semifluorinated chains far from the bisimide core. The Φc–ok phase of B(2) (Figure 3.7h) also has
extended semifluorinated chains but has a helical arrangement of aromatic cores with an average
intermolecular rotation of 90°. P(3) and PCl(2) form unidentified phases, while N(3) and B(3)
generate only an electronically active isotropic liquid.
3.2.6

Solid State NMR Studies of Dendronized PBI, Cl4PBI, and NBI

Solid state NMR experiments are able to verify and refine models derived from XRD results by
interrogating the structure of supramolecular assemblies at a molecular level, and provide
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additional information about dynamic processes not available via diffraction experiments, such as
local molecular reorientation within supramolecular structures. 91,92 In particular, proximity of
aromatic groups such as in columnar stacks leads to characteristic 1H NMR shifts in bulk compared
to the chemical shifts in solution. Figure 3.12 shows excerpts of 1H Magic Angle Spinning (MAS)
NMR spectra of dendronized P(m), PCl(m) and N(m) with m = 0 and 1, recorded at 50 °C. Solution
NMR spectra recorded in CDCl3 at 27 °C are provided for comparison.

Figure 3.12. (a) 1H solution NMR spectra and (b) 1H Magic Angle Spinning (MAS) NMR spectra of
P(m) (left), PCl(m) (center), and N(m) (right), with m = 0 (top) and 1 (bottom). Solution spectra
were recorded at 27 °C in THF-d8 (P(0)) or CDCl3 (all others), and residual solvent peaks are
marked with a red cross. Solid state MAS spectra were recorded at 50°C with a MAS spinning
frequency of 25 kHz.
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P(m), PCl(m), and N(m) are expected to exhibit relatively simple 1H MAS spectra due to the low
number of chemically distinct 1H environments observed in solution NMR spectra (Figure 3.12a):
m + 4 environments for P(m) and m + 3 environments for PCl(m) and N(m). However, selforganization of the molecules in the solid state leads to a substantial spread of the chemical shifts,
determined by the heterogeneity of the local packing arrangement. For P(0) (Figure 3.12b, top left),
the two signals expected to arise from the PBI core strongly overlap and are observed as a broad
peak with a maximum at 7.9 ppm, indicating significantly stronger electronic shielding in the
condensed phase compared to the corresponding site in solution (Figure 3.12a, top left; 8.7 and
8.9 ppm). Even the signals from the protons of the phenyl rings of the dendrons are poorly resolved
and seen only as a shoulder to the core proton signals around 7.0 ppm. In contrast, the protons of
the side chains (–OCHF–) appear as a well resolved peak at 5.9 ppm.
The spectrum of PCl(0) (Figure 3.12b) shows much better resolved signals than that of P(0),
allowing discrimination between the protons of the Cl 4PBI core at 7.9 ppm and the protons of the
dendron phenyl rings at 7.0 ppm. The increased resolution in PCl(0) vs P(0) indicates a more
regular stacking in Cl4PBI. This supports the higher order assembly observed by XRD experiments
and was observed in RH-Cl4PBIs.67 The position and line shape of the proton signals from the side
chains is unchanged between P(0) and PCl(0), suggesting that the differences between the two
systems originate only from the different stacking of the twisted molecular Cl 4PBI building blocks
compared to that of the planar PBI molecules. This agrees with molecular models reconstructed
from XRD data which suggest a similar helical columnar structure in P(0) and PCl(0) comprising a
tetrameric repeating unit with two molecules per column stratum of thickness 5.1 and 5.3 Å,
respectively (Figure 3.10a).
The signal arising from the core protons of N(0) (Figure 3.12b, top right) is broader than the
analogous signal for P(0) and PCl(0), ranging from 9.5 to 7.3 ppm with a weighted average of
8.1 ppm. Weak features at the top of the signal cannot be interpreted based on the 1H MAS NMR
spectrum alone. In contrast to the broad signal of the core protons, the signals arising from the
dendron phenyl rings and the semifluorinated side chains are relatively sharp, at 7.2 and 5.8 ppm,
respectively. The proton of the semifluorinated side group is better separated from the aromatic
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proton signals in N(0) than in P(0) or PCl(0), perhaps due to the smaller π-electron system and
consequently weaker π-electron shifts of the NBI core.
Some general trends are evident upon comparison of the 1H MAS NMR spectra of the m = 0
compounds (Figure 3.12, top) with those of the m = 1 derivatives (Figure 3.12, bottom). In all cases,
the proton signal of the aromatic core moiety becomes significantly narrower and more shielded
upon addition of a methylene linker due to improved π–π stacking of the aromatic core moieties in
the m = 1 compounds. This agrees with the closer stacking evidenced by XRD (Figures 3.3 and
3.5). In P(1) and PCl(1), this shift is so pronounced that the signals of the dendron phenyl rings and
those of the semifluorinated chains overlap and cannot be distinguished. In the spectrum of N(1),
the signals from the NBI core and the dendron phenyl rings are well resolved, and are both shifted
upfield by 0.5 ppm compared to similar signals in N(0). Of particular interest in the spectrum of N(1)
is the narrow Lorentzian line shape of the signal arising from the core protons at 7.6 ppm, indicating
more regular packing in N(1) than in N(0). This observation is consistent with the much closer π–
π stacking in N(1) vs N(0) (3.4 vs 5.1 Å) and significantly lower density of N(0) at 23 °C (1.38 g/cm3
vs 1.71 g/cm3 for N(1)). This may result from the ability of the dendron to tilt out of the stratal plane
in N(1), due to the presence of the methylene linker (Figure 3.6). In all cases, the addition of a
methylene unit from m = 0 to m = 1 causes a downfield shift of the proton signal of the
semifluorinated side chain by 0.2–0.3 ppm. This feature cannot directly be attributed to the
improved π–π stacking in the m = 1 compounds but might arise from local changes in the density
of the semifluorinated groups required to accommodate the improved stacking of the aromatic
cores.
More detailed information on the local packing arrangement of molecules in the supramolecular
structure can be obtained by 2D 1H–1H Double Quantum (DQ) NMR correlation spectra, which
probe proximities between specific proton sites.92,93 Examples are shown for P(m), PCl(m) and
N(m) with m = 0 and 1 in Figure 3.13 and for B(0) in Figure 3.14. The multitude of structured
features in the aromatic region of these spectra evidences the presence of differently ordered
stacks in these samples.

79

Figure 3.13. 2D 1H–1H Double Quantum (DQ) NMR correlation spectra of (a) P(0), (b) PCl(0), (c)
N(0), (d) P(1), (e) PCl(1), and (f) N(1) recorded at 50 °C with a MAS spinning frequency of 25 kHz
and DQ excitation period of one rotor period using the Back-to-Back DQ excitation scheme. Broken
lines and circles denote features of interest, described in the main text.
The DQ-SQ correlation spectrum of P(0) (Figure 3.13a) is unstructured, indicating a broad variety
of local packing arrangements of neighboring PBI cores. Sharp features result from DQ coherences
involving protons of the semifluorinated chains. Coherences between two CHF protons of the
semifluorinated chains are observed at 5.8 ppm/11.6 ppm (broken red circle), while coherences
between CHF sites and aromatic protons are observed at 5.8 ppm/13.7 ppm (broken red line). The
DQ-SQ correlation spectrum of PCl(0) (Figure 3.13b) shows many more detailed features
compared to the spectrum of P(0). In addition to the DQ coherence between two CHF sites at
5.8 ppm/11.6 ppm (broken orange circle), coherences of these sites with the protons of the core
(5.8ppm/13.8 ppm and 8 ppm/13.8 ppm, lower broken orange line) as well as with the protons of
the dendron phenyl rings (5.8 ppm/12.8 ppm and 7 ppm/12.8 ppm, upper broken orange line) are
observed. The correlation pattern between the aromatic moieties of PCl(0) (parallel to the diagonal)
is also much more structured compared to that of P(0). Higher resolution in the spectrum of
tetrachlorinated PCl(0) compared to that of nonchlorinated P(0) was also observed for RH-PBI and
RH-Cl4PBI.67
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N(0) also exhibits a dominant DQ signal in the aromatic region (Figure 3.13c), where the core
protons have become inequivalent due to the local environment. A DQ signal involving two protons
from the semifluorinated chains is observed in N(0) (broken blue circle), as in P(0) and PCl(0). In
addition, DQ coherences between the CHF sites and the core protons (5.8–8.0 ppm/13.8 ppm,
lower broken blue line) as well as between the CHF sites and the dendron phenyl ring protons (5.8–
7.2 ppm/13.0 ppm, upper broken blue line) are observed, the latter being of significantly higher
intensity.
An additional DQ signal is observed in the spectra of the m = 1 compounds (Figure 3.13d, e, f)
arising from the methylene protons. It should be noted that the two protons of the methylene linker
are inequivalent and exhibit two signals separated by up to 0.9 ppm (in PCl(1) and N(1)).
Furthermore, the DQ spectrum of N(1) indicates the presence of two different packing
arrangements (broken vs. solid lines) with different electronic shielding from the aromatic moieties,
such that the more shielded CH2 signals (broken blue lines) correlate with the core proton signals
with higher chemical shift values and thus weaker π–π interactions. The presence of two different
packing arrangements is consistent with DSC data (Figure 3.2a) which indicate a transition
between the Φhk and Φc–ok phases of N(1) occurring at the NMR experimental temperature of
50 °C.
The m = 0 compounds all exhibit a spread of the DQ signals between the core protons and the
dendron phenyl ring protons along the diagonal of the spectrum (Figure 3.13a, b, c). This spread
indicates a heterogeneous distribution of π–π interactions within a similar packing arrangement of
aromatic core and dendron phenyl ring. In PCl(1) and N(1) (Figure 3.13e, f), this spreading
collapses to a single, well-defined π-stacking distance, indicating a more highly ordered structure
in these m = 1 derivatives. In contrast, the DQ spectrum of P(1) (Figure 3.13d) is still blurred, with
a notable spread of the aromatic core/dendron phenyl correlation signals distributed along the
spectral diagonal. Nevertheless, the local packing of the PBI core moiety is clearly improved upon
the addition of the methylene linker, consistent with 1H MAS spectra (Figure 10b) and XRD results
(Figure 3.3a, b).
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3.2.7

Solid State NMR Studies of B(0)

Figure 3.14 shows excerpts of spectra from three experiments with B(0): solution NMR at 23 °C in
CDCl3 (Figure 3.14a), 1H solid state MAS NMR at 50 °C (Figure 3.14b) and a 2D 1H–1H DQ NMR
at 50 °C (Figure 3.14c).

Figure 3.14. Excerpts of NMR spectra of B(0). (a) Solution 1H NMR spectrum recorded at 27 °C in
CDCl3. (b) 1H Solid state MAS NMR spectrum after annealing at 50 °C for 48 h, collected at 50 °C
with a MAS spinning frequency of 25 kHz. (c) 2D 1H–1H DQ NMR correlation spectrum recorded at
50 °C at 25 kHz MAS.
Three features are observed in the solution spectrum (Figure 3.14a), as expected, arising from the
core protons, dendron phenyl ring protons and CHF protons. An initial 1H MAS spectrum (not
shown) was highly unstructured but annealing at 50 °C for 48 h provided a much more highly
ordered state with a well resolved 1H MAS spectrum (Figure 3.14b). This increase in local order
has not been observed during the annealing experiments conducted by XRD. The three signals
observed in the solution spectrum split into at least seven distinct signals in the solid state MAS
spectrum. The intense signal at 5.8 ppm can be unambiguously assigned to the protons of the
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semifluorinated side chains, and signals at 7.0 and 9.4 ppm originate from 1H sites on the dendron
phenyl ring and at the benzene core, respectively. Other signals could not be assigned
unambiguously. The observed splitting may arise from a disruption of the molecular symmetry of
B(0) upon formation of a supramolecular crystal, caused by the presence of two differently oriented
molecules in the unit cell, or by rotation of molecules in asymmetric dimers. XRD data (Figure 3.7a)
indicates that B(0) packs with a larger unit cell than expected from a simple columnar hexagonal
phase, and thus suggests that there may be more than one packing environment for B(0) in the
Φhk phase. The correlations marked in red and blue in Figure 3.14c correspond to a postulated
distribution of signals between two distinct coexisting structures. However, the signal intensities do
not match the ratios expected in such a case, and one of the structures does not correlate with the
protons of the semifluorinated side chains. Furthermore, there are signals around 6.5 ppm/13 ppm
that cannot be explained and do not fit the structure of a DQ spectrum. In summary, the 1H MAS
and DQ NMR spectra of B(0) suggest the presence of a more complex molecular arrangement
than depicted in the model deduced from XRD experiments (Figure 3.7e).

3.3

Conclusions

The synthesis, structural, and retrostructural analysis of a “combined generational” library of sixteen
semifluorinated dendronized aromatic bisimides based on PBI, Cl4PBI, NBI, and PMBI with various
lengths of aliphatic linker m (m = 0, 1, 2, and 3) is reported. Thermodynamically controlled formation
of crystalline phases is observed for the first time in m = 0 arylene derivatives (P(0), PCl(0), and
N(0)), and three PBI derivatives (P(1), P(2), and P(3)) undergo thermodynamically controlled selfassembly to form a 2D Φhio phase at high temperature. Two molecules (P(1) and PCl(1)) assemble
via a cogwheel model and provide design parameters to generalize programmed cogwheel
assembly in additional systems. Semifluorinated electronically active liquids and glasses are
formed by five molecules (PCl(2), PCl(3), N(3), B(1), and B(3)) upon second and subsequent
heating of the as prepared sample. These liquids and glasses may have desirable properties for
numerous applications including organic electronics. This diversity of assemblies could only be
accessed by screening rationally designed libraries of self-assembling semifluorinated dendronized
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aromatic bisimides. These library approaches will continue to elucidate the influence of molecular
parameters and primary structure on the generation of order at the supramolecular level and will
therefore enable the design, from first principles, of further thermodynamically controlled and
thermally accessible structures with potential technological applications such as coatings,
dyestuffs, and organic electronics.

3.4

Experimental Section

3.4.1

Materials

3,4,5-Trimethoxybenzoic acid, pyridine hydrochloride, potassium tert-butoxide (tBuOK), hydrazine
monohydrate (NH2NH2·H2O), quinoline and Zn(OAc)2·H2O (all from Acros), AIBN, graphite, DMAP,
perylene dianhydride (6), naphthalene dianhydride (8) and pyromellitic dianhydride (9) (all from
Sigma-Aldrich), CH3CN, EtOH and HNO3 (all from Fisher Scientific), and perfluoropropyl vinyl ether
(Synquest) were used as received. DMF (from Fisher, ACS reagent) was dried over CaH 2 and was
freshly distilled before used. THF (from Fisher, ACS reagent) was refluxed over sodium
benzophenone ketyl until the solution turned purple and then was freshly distilled before use.
3.4.2

Techniques

Solution NMR. 1H NMR (500 MHz) and

13C

NMR (125 MHz) spectra were recorded on a Bruker

DRX 500 instrument. The purity of the products was determined by a combination of thin layer
chromatography (TLC) and high pressure liquid chromatography (HPLC). TLC was carried out on
precoated aluminum plates (silica gel with F254 indicator; layer thickness 200 μm; particle size, 2–
25 μm; pore size 60 Å, from Sigma-Aldrich). HPLC was performed using a Perkin-Elmer Series 10
high pressure liquid chromatograph with an LC-100 column oven, Nelson Analytical 900 series
integrator data station and two Perkin-Elmer PL gel column 5 × 102 and 1 × 104 Å. THF was used
as solvent with a UV detector.
Sample Preparation. All aromatic bisimides P(m), PCl(m), N(m), and B(m) were purified by column
chromatography as described in the Synthesis section. Compounds in the P and PCl series were
dissolved in a minimum volume of THF and precipitated by the addition of MeOH. The resultant
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precipitate was collected by filtration, washed with MeOH and dried under vacuum. Compounds in
the N and B series were dried under vacuum after isolation via column chromatography. These dry
“as-prepared” compounds were subjected to NMR, HPLC and MALDI-TOF analysis to confirm
identity and purity and were then used “as-prepared” in solid state NMR, DSC and XRD
experiments.
Differential Scanning Calorimetry (DSC). Thermal transitions were measured on TA instrument
2920 modulated and Q100 differential scanning calorimeter (DSC) integrated with a refrigerated
cooling system (RCS). The heating and cooling rates were 1 or 10 oC/min. The transition
temperatures were measured as the maxima and minima of their endothermic and exothermic
peaks. Indium and sapphire were used as standards for calibration. An Olympus BX-51 optical
polarized microscope (100× magnification) equipped with a Mettler FP 82HT hot stage and Mettler
Toledo FP90 central processor was used to verify thermal transitions and to characterize
anisotropic textures.
Density Measurements. For density measurements, a small mass of sample (~0.5 mg) was placed
in a vial filled with water followed by ultrasonication to remove the air bubbles embedded within the
sample. The sample sank to the bottom of the vial due to its high density compared with water. A
saturated aqueous solution of potassium iodide (KI) was then added into the solution at ~ 0.1 g per
aliquot to gradually increase the solution density. KI was added at an interval of at least 20 min to
ensure equilibrium within the solution. When the sample was suspended in the middle of the
solution, the density of the sample was identical to that of the solution, which was measured by a
10 mL volumetric flask.
Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF). Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was performed on PerSeptive
Biosystems-Voyager-DE (Framingham, MA) mass spectrometer equipped with a nitrogen laser
(337 m) and operating in linear mode. Internal calibration was performed using Angiotensin II and
Bombesin as standards. The analytical sample were obtained by mixing a THF solution of the
sample (5–10 mg/mL) and the matrix (3,5-dihydroxybenzoic acid) (10 mg/mL) in a 1:1 to 1:5 v/v
ratio. The prepared solution (0.5 μL) was loaded on the MALDI plate and allowed to dry at 25 oC
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before the plate was inserted into the vacuum chamber of the MALDI instrument. The laser steps
and voltages were adjusted depending on the molecular weight and the nature of each analyte.
X-ray Diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics and triple pinhole collimation
were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a Bruker-AXS Hi-Star
multiwire area detector. To minimize attenuation and background scattering, an integral vacuum
was maintained along the length of the flight tube and within the sample chamber. Samples were
held in quartz capillaries (0.7–1.0 mm in diameter), mounted in a temperature-controlled oven
(temperature precision: ± 0.1 °C, temperature range from –120 °C to 270 °C). The distance
between the sample and the detector was 11.0 cm for wide angle diffraction experiments and 54.0
cm for intermediate angle diffraction experiments. Aligned samples for fiber XRD experiments were
prepared using a custom-made extrusion device.31 The powdered sample (~10 mg) was heated
inside the extrusion device. After slow cooling, the fiber was extruded in the liquid crystal phase
and cooled to 23 °C. Typically, the aligned samples have a thickness of 0.3–0.7 mm and a length
of 3–7 mm. All XRD measurements were done with the aligned sample axis perpendicular to the
beam direction. Primary XRD analysis was performed using Datasqueeze (version 3.0). 93
Molecular models were built and visualized using Materials Studio (Accelrys).
Solid State NMR Experiments. 2D 1H double-quantum (DQ) NMR correlation spectra were
recorded with a Bruker Avance III console operating at 850.13 MHz 1H Larmor frequency using a
commercial double resonance probe supporting zirconia rotors with an outer diameter of 2.5 mm.
3.4.3

Synthesis

3,4,5-Trimethoxy-1-nitrobenzene (2).94 Concentrated nitric acid (21.35 M, 9 mL, 180 mmol) was
added to a stirred solution of 3,4,5-trimethoxybenzoic acid (12.7 g, 60 mmol) in acetonitrile
(150 mL) at 23 °C under nitrogen atmosphere. To this solution was added a catalytic amount of
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AIBN (210 mg, 1.2 mmol) and the reaction mixture was stirred overnight at 50 °C. Upon completion
(TLC control), ice-water was added and the product was extracted with diethyl ether. The combined
organic layers were dried (MgSO4), filtered and concentrated in vacuo. Purification by column
chromatography (silica gel, EtOAc/hexanes, 1:5) gave nitroarene 2 as yellow crystals (8.8 g, 69%).
1H

NMR (CDCl3, 500 MHz): δ (ppm) = 7.51 (s, 2H), 3.93 (s, 9H).

3,4,5-Trihydroxy-1-nitrobenzene (3).95 A mixture of nitroarene 2 (0.3 g, 1.2 mmol) and pyridine
hydrochloride (1.0 g, 8.8 mmol) were stirred at 200 °C for 40 min. The progress of the reaction was
followed by TLC. After the reaction was complete, the reaction mixture was cooled to room
temperature and extracted with EtOAc three times. The combined organic layers were washed with
HCl (1 M, aq.), water and brine, dried (MgSO 4), filtered and concentrated in vacuo. Purification by
column chromatography (silica gel, EtOAc/hexanes, 3:1) gave 3 as yellow crystals (0.16 g, 78%).
1H

NMR (d6-DMSO, 500 MHz): δ (ppm) = 9.92 (s, 2H), 9.71 (s, 1H), 7.21 (s, 2H).

5-Nitro-1,2,3-tris(1,1,2-trifluoro-2-(perfluoropropoxy)ethoxy)benzene

(4).73

Perfluoropropyl

vinyl ether (6.5 g, 24.4 mmol) was added to a sealed (with septum) round-bottomed flask under N2
atmosphere and cooled to –70 °C (dry ice-acetone bath), whereupon phenol 3 (1.4 g, 8.1 mmol)
and dry DMF (50 mL) were added. After the phenol was entirely dissolved, potassium tert-butoxide
(0.3 g, 2.5 mmol) was quickly added to the reaction mixture and the temperature was kept cold for
2 h with ice-bath cooling. The reaction mixture was allowed to warm to room temperature
whereupon it was stirred overnight. The solution was poured into ice-water (100 mL) containing
HCl (conc., 1 mL) and extracted with ethyl acetate. The combined organic layers were washed with
water, dried (MgSO4), filtered and concentrated in vacuo. Purification by column chromatography
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(neutral alumina, EtOAc/hexanes, 1:20) gave semifluorinated nitroarene 4 as an oil (3.9 g, 48%).
1H

NMR (CDCl3, 500 MHz): δ (ppm) = 8.25 (s, 2H), 6.12 (dt, 3J = 53.3 Hz, 3J = 3.2 Hz, 3H).

13C

NMR (CDCl3, 126 MHz): δ (ppm) = 146.1, 144.0, 138.2, 115.8, 120.9–104.1 (–CF2), 98.9–96.3 (–
CHF). MALDI-TOF (m/z): calc. for [C21H6F30NO8]+: 970.23; found 967.65 [M+H]+.

3,4,5-Tris(1,1,2-trifluoro-2-(perfluoropropoxy)ethoxy)aniline (5a).64,84 A mixture of nitroarene 4
(1 g, 1.0 mmol), hydrazine monohydrate (0.3 mL, 5.2 mmol), and graphite (1.1 g) were heated in a
refluxing mixture of EtOH and THF (30 mL, 2:1) for 19 h under N 2 atmosphere. The extent of
reaction was followed by TLC. After the reaction was complete, the reaction mixture was cooled to
room temperature and was diluted with THF. Graphite was removed by filtration and washed
several times with THF. The colorless organic phase was concentrated in vacuo. Purification by
column chromatography (neutral alumina, EtOAc/hexanes, 1:4) gave semifluorinated aniline 5a as
an oil (0.57 g, 58%).1H NMR (CDCl3, 500 MHz): δ (ppm) = 6.56 (s, 2H), 6.03 (dt, 3J = 53.4 Hz, 3J =
3.2 Hz, 3H), 3.97 (s, 2H). 13C N MR (CDCl3, 126 MHz): δ (ppm) = 146.2, 144.0, 124.3, 106.3, 121.0–
104.2 (–CF2), 99.4–96.6 (–CHF). MALDI-TOF (m/z): calc. for [C21H7F30KNO8]+: 978.33; found
978.20 [M+K]+.
Semifluorinated dendronized amines with m = 1, 2, and 3 (5b, 5c, and 5d) were synthesized
according to a literature procedure.66

2,5,8,11-Tetrachloroperylenetetracarboxylic acid dianhydride (7). 67,85 A mixture of perylene
3,4,9,10-tetracarboxylic dianhydride (0.5 g, 1.27 mmol) and iodine (0.05 g, 0.2 mmol) in
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chlorosulfonic acid was heated at 65 °C for 24 h. The hot solution was filtered to remove insoluble
unreacted starting material and byproduct. The filtrate was poured into ice-water dropwise under
stirring and the resulting orange precipitate was filtered, washed generously with water and dried
under vacuum. The product exhibits moderate solubility in THF and chloroform. The product was
used in the next steps without further purification. 1H NMR (CDCl3, 500 MHz): δ (ppm) = 8.77 (s,
4H).

General Methods for the Synthesis of Bisimides
Method A64: A suspension of dianhydride (1 equiv), amine (2.5 equiv), and zinc acetate (1 equiv)
in quinoline (30 mL per mmol dianhydride) was stirred at 180 °C under N 2 atmosphere for 4 h. The
reaction mixture was cooled to room temperature and poured into HCl (1 M, 80 mL). The resulting
precipitate was filtered on a glass filter funnel, washed with water and methanol, and dried. The
crude product was purified by column chromatography (silica gel, CHCl 3). The resulting powder
was dissolved in a minimum volume of THF and precipitated by the addition of MeOH. The product
was filtered, washed with MeOH and dried under vacuum.
Method B86: Dianhydride (1 equiv) and amine (2.5 equiv) in the presence of DMAP (0.25 equiv)
were heated with stirring under N2 in DMF (5 mL) at 130 °C for 16 h. The mixture was then cooled
to room temperature, diluted with ethyl acetate and washed with water. The combined organic
layers were dried (MgSO4) and concentrated to give a thick paste. Purification by column
chromatography (silica gel, EtOAc/hexanes, 1:3) furnished the desired product.

Synthesis of PBI Derivatives (P series)
(3,4,5)PPVEG1-0-PBI [P(0)]: Method A. Yield 24%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.86 (d, 4H, 3J = 8.0 Hz), 8.69 (d, 4H, 3J = 8.0 Hz), 7.84 (s, 4H), 6.11 (dt, 6H,
3J

= 53.4 Hz, 3J = 3.2 Hz). Insufficient solubility in CDCl3 and THF-d8 to obtain satisfactory 13C NMR

spectrum. MALDI-TOF (m/z): [M+H]+ calcd for [C66H19F60N2O16]+, 2235.77; found 2232.99.
(3,4,5)PPVEG1-1-PBI [P(1)]: Method A. Yield 46%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.62 (d, 4H, 3J = 6.0 Hz), 8.48 (d, 4H, 3J = 6.0 Hz), 7.62 (s, 4H), 6.04 (dt, 6H,
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3J

= 53.4 Hz, 3J = 3.2 Hz), 5.38 (s, 4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 163.2, 143.3, 137.7,

134.7, 132.9, 131.8, 129.4, 126.3, 123.3, 123.0, 122.1, 119.2–104.7 (–CF2), 99.1–96.6 (–CHF),
43.1 (–CH2N). MALDI-TOF (m/z): [M+H]+ calcd for [C68H23F60N2O16]+, 2263.82; found 2265.19.
(3,4,5)PPVEG1-2-PBI [P(2)]: Method A. Yield 29%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.38 (d, 4H, 3J = 8.0 Hz), 8.15 (d, 4H, 3J = 8.0 Hz), 7.34 (s, 4H), 6.04 (dt, 6H,
3J

= 53.5 Hz, 3J = 3.2 Hz), 4.45 (t, 4H, 3J = 7.6 Hz), 3.17 (t, 4H, 3J = 7.6 Hz). 13C NMR (CDCl3, 126

MHz): δ (ppm) = 163.2, 143.3, 139.8, 134.6, 131.9, 131.4, 129.3, 126.3, 123.2, 123.0, 121.3, 119.2–
114.6 (–CF2), 98.8–96.8 (–CHF), 41.1 (–CH2N), 34.0. MALDI-TOF (m/z): [M+H]+ calcd for
[C70H27F60N2O16]+, 2291.87; found 2292.61.
(3,4,5)PPVEG1-3-PBI [P(3)]: Method A. Yield 26%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.52 (d, 4H, 3J = 8.1 Hz), 8.36 (d, 4H, 3J = 8.1 Hz), 7.25 (s, 4H), 6.04 (dt, 6H,
3J

= 53.5 Hz, 3J = 3.2 Hz), 4.30 (t, 4H, 3J = 7.5 Hz), 2.86 (t, 4H, 3J = 7.5 Hz), 2.17 (m, 4H). 13C NMR

(CDCl3, 126 MHz): δ (ppm) = 163.3, 143.2, 142.7, 134.3, 131.2, 129.2, 126.1, 123.1, 123.0, 120.5,
118.4, 118.9–106.5 (–CF2), 99.2–96.6 (–CHF), 40.2 (–CH2N), 33.3, 29.0. MALDI-TOF (m/z):
[M+H]+ calcd for [C72H31F60N2O16]+, 2319.93; found 2320.23.

Synthesis of Cl4PBI Derivatives (PCl series)
(3,4,5)PPVEG1-0-Cl4PBI [PCl(0)]: Method A. Yield 26%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.77 (s, 4H), 7.40 (s, 4H), 6.11 (dt, 6H, 3J = 53.4 Hz, 3J = 3.2 Hz).

13C

NMR

(CDCl3, 126 MHz): δ = (ppm) 161.9, 144.0, 136.1, 133.9, 133.6, 131.8, 129.4, 123.7, 123.0, 121.5,
120.7–104.4 (–CF2), 99.0–96.5 (–CHF). MALDI-TOF (m/z): [M+H]+ calcd for [C66H15Cl4F60N2O16]+,
2373.55; found 2372.40.
(3,4,5)PPVEG1-1-Cl4PBI [PCl(1)]: Method A. Yield 58%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.73 (s, 4H), 7.64 (s, 4H), 6.06 (dt, 6H, 3J = 53.5 Hz, 3J = 3.2 Hz), 5.40 (s,
4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 162.3, 143.3, 137.1, 135.8, 133.6, 133.1, 131.6, 129.1,
123.5, 123.0, 122.4, 121.6–104.4 (–CF2), 99.1–96.6 (–CHF), 43.2 (–CH2N). MALDI-TOF (m/z):
[M+H]+ calcd for [C68H19Cl4F60N2O16]+, 2401.60; found 2402.01.
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(3,4,5)PPVEG1-2-Cl4PBI [PCl(2)]: Method A. Yield 23%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.68 (s, 4H), 7.33 (s, 4H), 6.06 (dt, 6H, 3J = 53.5 Hz, 3J = 3.2 Hz), 4.48 (t, 4H,
3J

= 7.7 Hz), 3.12 (t, 4H, 3J = 7.7 Hz). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 162.3, 143.4, 139.3,

135.7, 133.3, 132.0, 131.6, 129.0, 123.4, 123.0, 121.4, 119.2–106.5 (–CF2), 99.1–96.5 (–CHF),
41.2 (–CH2N), 34.0. MALDI-TOF (m/z): [M+H]+ calcd for [C68H19Cl4F60N2O16]+, 2429.65; found
2430.10.
(3,4,5)PPVEG1-3-Cl4PBI [PCl(3)]: Method A. Yield 24%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.62 (s, 4H), 7.25 (s, 4H), 6.06 (dt, 6H, 3J = 53.5 Hz, 3J = 3.2 Hz), 4.26 (t, 4H,
3J

= 7.0 Hz), 3.15 (t, 4H, 3J = 7.0 Hz), 2.49 (m, 4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 162.5,

143.3, 142.3, 135.7, 133.2, 131.6, 131.3, 128.9, 123.4, 123.2, 120.5, 119.2–106.6 (–CF2), 98.8–
96.9 (–CHF), 40.4 (–CH2N), 33.2, 29.6, 28.9. MALDI-TOF (m/z): [M+H]+ calcd for
[C72H27Cl4F60N2O16]+, 2457.71; found 2459.00.

Synthesis of NBI Derivatives (N series)
(3,4,5)PPVEG1-0-NBI [N(0)]: Method B. Yield 36%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.90 (s, 4H), 7.42 (s, 4H), 6.10 (dt, 6H, 3J = 53.5 Hz, 3J = 3.2 Hz).

13C

NMR

(CDCl3, 126 MHz): δ (ppm) = 162.2, 143.7, 133.5, 133.4, 131.9, 127.1, 126.8, 121.3, 120.1–104.4
(–CF2), 98.7–96.5 (–CHF). MALDI-TOF (m/z): [M+H]+ calcd for [C56H15F60N2O16]+, 2111.63; found
2111.67.
(3,4,5)PPVEG1-1-NBI [N(1)]: Method B. Yield 43%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.82 (s, 4H), 7.59 (s, 4H), 6.04 (dt, 6H, 3J = 53.5 Hz, 3J = 3.2 Hz), 5.38 (s,
4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 162.7, 143.2, 137.0, 132.9, 131.6, 126.9, 126.5, 122.0,
120.1–104.4 (–CF2), 98.7–96.6 (–CHF), 43.1 (–CH2N). MALDI-TOF (m/z): [M+Na]+ calcd for
[C58H18F60N2NaO16]+, 2161.66; found 2161.61.
(3,4,5)PPVEG1-2-NBI [N(2)]: Method B. Yield 32%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.76 (s, 4H), 7.30 (s, 4H), 6.04 (dt, 6H, 3J = 53.4 Hz, 3J = 3.2 Hz), 4.46 (t, 4H,
3J

= 7.7 Hz), 3.11 (t, 4H, 3J = 7.7 Hz). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 162.6, 143.2, 139.1,
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131.8, 131.1, 126.7, 126.4, 121.2, 120.1–104.3 (–CF2), 98.7–96.5 (–CHF), 41.1 (–CH2N), 33.7.
MALDI-TOF (m/z): [M+H]+ calcd for [C60H22F60N2O16]+, 2167.73; found 2169.09.
(3,4,5)PPVEG1-3-NBI [N(3)]: Method B. Yield 35%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.75 (s, 4H), 7.20 (s, 4H), 6.04 (dt, 6H, 3J = 53.4 Hz, 3J = 3.2 Hz), 4.30 (t, 4H,
3J

= 7.5 Hz), 2.84 (t, 4H, 3J = 7.5 Hz), 2.16 (m, 4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 163.0,

143.2, 142.3, 131.2, 126.8, 126.7, 120.5, 119.2–104.1 (–CF2), 99.1–96.5 (–CHF), 40.4 (–CH2N),
33.2, 28.8. MALDI-TOF (m/z): [M+H]+ calcd for [C62H27F60N2O16]+, 2195.79; found 2197.15.

Synthesis of PMBI Derivatives (B series)
(3,4,5)PPVEG1-0-PMBI [B(0)]: Method B. Yield 20%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.56 (s, 2H), 7.67 (s, 4H), 6.11 (dt, 6H, 3J = 53.3 Hz, 3J = 3.2 Hz).

13C

NMR

(CDCl3, 126 MHz): δ (ppm) = 163.8, 143.6, 136.9, 132.8, 130.2, 120.1, 118.0, 120.0–104.4 (–CF2),
98.6–96.5 (–CHF). MALDI-TOF (m/z): [M+H]+ calcd for [C52H13F60N2O16]+, 2061.57; found 2063.56.
(3,4,5)PPVEG1-1-PMBI [B(1)]: Method B. Yield 58%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.35 (s, 2H), 7.44 (s, 4H), 6.05 (dt, 6H, 3J = 53.4 Hz, 3J = 3.2 Hz), 4.91 (s,
4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 165.5, 143.7, 137.4, 136.1, 133.3, 121.3, 119.3, 120.6–
103.6 (–CF2), 90.1–96.5 (–CHF), 41.5 (–CH2N). MALDI-TOF (m/z): [M+H]+ calcd for
[C54H17F60N2O16]+, 2089.62; found 2091.55.
(3,4,5)PPVEG1-2-PMBI [B(2)]: Method B. Yield 53%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.25 (s, 2H), 7.19 (s, 4H), 6.03 (dt, 6H, 3J = 53.4 Hz, 3J = 3.2 Hz), 4.02 (t, 4H,
3J

= 7.3 Hz), 3.08 (t, 4H, 3J = 7.3 Hz). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 165.7, 143.3, 138.4,

137.0, 132.0, 120.9, 118.5, 120.5–103.9 (–CF2), 98.9–96.3 (–CHF), 38.8 (–CH2N), 33.9. MALDITOF (m/z): [M+H]+ calcd for [C56H21F60N2O16]+, 2117.68; found 2116.76.
(3,4,5)PPVEG1-3-PMBI [B(3)]: Method B. Yield 36%. Purity (HPLC): 99%+. 1H NMR (CDCl3,
500 MHz): δ (ppm) = 8.19 (s, 2H), 6.89 (s, 4H), 6.03 (dt, 6H, 3J = 53.4 Hz, 3J = 3.2 Hz), 3.83 (t, 4H,
3J

= 7.0 Hz), 2.79 (t, 4H, 3J = 7.0 Hz), 2.13 (m, 4H). 13C NMR (CDCl3, 126 MHz): δ (ppm) = 166.1,

143.2, 141.7, 137.2, 131.3, 120.3, 118.3, 120.6–104.0 (–CF2), 99.0–96.4 (–CHF), 38.0 (–CH2N),
32.9, 29.1. MALDI-TOF (m/z): [M+Na]+ calcd for [C58H24F60N2NaO16]+, 2167.71; found 2167.60.
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APPENDIX TO CHAPTER 3
A3.1

Structures of Relevant Previously Reported Molecules

Scheme A3.1 shows the general structures of three series of molecules, previously reported by
Percec’s laboratory, which are compared to the sixteen molecules in the present study.
Scheme A3.1. Structures of Previously Reported Dendronized Aromatic Bisimides: (top)
Hydrogenated Dendronized PBI Derivatives,64 (middle) Hydrogenated Dendronized
Tetrachlorinated Cl4PBI Derivatives,67 (bottom) Semifluorinated Dendronized Thiolated S4NBI
Derivatives66
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A3.2

Comment on Thermal Stability of Semifluorinated and Hydrogenated PBI Derivatives

Previous studies on semifluorinated dendrons indicate that semifluorinated chains lower the
thermal stability of semifluorinated compounds, compared to hydrogenated analogues, (3,4,5)nG1m-PBI (Scheme A3.1) and encourages their disassembly.73 This trend is observed for
semifluorinated P(0) and PCl(m) with m = 1, 2, and 3 compared to the hydrogenated analogue with
n = 12.
Table A3.1. Isotropization Temperature and π–π Stacking Distances of PBI and Cl 4PBI
Derivatives
Isotropization temperature, Ti, °C
π–π stacking distance, Å
(CH2)nH, n
(CH2)nH, n
(CH2)nH, n
(CH2)nH, n
PPVE
PPVE
= 12
=6
= 12
=6
PBI
m=0
357 a
372 b
–
4.8 a
4.8 b
–
PBI
m=1
236 a
225 b
272 d
3.5 a
3.5 b
3.5 d
PBI
m=2
202 a
134 b
–
3.5 a
3.5, 4.0 b
–
PBI
m=3
216 a
125 b
147 e
3.5 a
3.5, 4.1 b
–
Cl4PBI
m=0
273 a
211 c
–
5.3 a
4.2 c
–
– = Data not available. All isotropization temperatures were recorded upon second heating at 10 °C/min.
Superscripts denote reference source: a = this work; b = ref. 64; c = ref. 67; d = ref. 31; e = ref. 65.
Core

Linker, m

The opposite, unexpected trend is observed for P(m) with m = 1, 2, and 3 and PCl(0) when
compared to (3,4,5)12G1-m-PBI. However, the semifluorinated chain is only six methylene unit
equivalents (i.e., CF2 or CHF) in length. We have previously reported that (3,4,5)nG1-m-PBI with n
= 6 crystallizes via a thermodynamically controlled process and with higher Ti than the homologous
n = 12 compounds (Table A3.1).31,65 Hence the thermal stability of P(m) with m = 1, 2, and 3 would
be expected to be lower than that of (3,4,5)6G1-m-PBI, due to the effect of semifluorination, but
not necessarily lower than that of (3,4,5)12G1-m-PBI, in which the long alkyl chain reduces thermal
stability. This is observed for P(0) and P(1).
Values of Ti for P(2) and P(3) are still higher than those of their n = 6 hydrogenated analogues. The
semifluorinated structures have closer π–π stacking of the PBI cores, compared to the n = 12
hydrogenated derivatives (3.5 Å with PPVE vs 4.0 or 4.1 Å with n = 12). The close contact π–π
stacking between PBI cores in semifluorinated P(2) and P(3) increases their thermal stability. This
increase is sufficient to overcome the decrease in Ti caused by the semifluorinated dendrons.
Hence P(2) and P(3) have higher Ti values than their hydrogenated n = 12 analogues.
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A3.3

Thermal Analysis of P(m), PCl(m), N(m), and B(m) with m = 0, 1, 2, and 3 by

Differential Scanning Calorimetry (DSC) at 10 °C/min

Figure A3.1. DSC traces of semifluorinated (a) PBIs P(m), (b) Cl4PBIs PCl(m), (c) NBIs N(m), and
(d) PMBIs B(m) recorded with heating and cooling rates of 10 °C/min. Phases determined by XRD,
transition temperatures, and associated enthalpy changes (in parentheses in kcal/mol) are
indicated.
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A3.4

Thermal Analysis Parameters

Table A3.2. Transition Temperatures and Associated Enthalpy Changes of P(m) and PCl(m)
with m = 0, 1, 2, and 3, Determined by DSC and Phases Determined by XRD

P(0)

Rate
(ºC/
min)
10
2

P(1)

10
2

P(2)

10
2

P(3)

10
2

Thermal transition temperature (°C) and corresponding enthalpy change (kcal/mol)
Heatinga
Cooling
c–ok 357 (7.16) i
c–ok 358 (6.72) i
c–ok 357 (7.35) i
c–ok 357 (6.13) i
mk1 123 (1.48)  hio 236 (2.89) i
mk1 123 (1.67)  hio 236 (2.99) i
mk1 120 (1.48)  mk2 130 (0.85) hio 237 (2.67) i
mk1 120 (1.06)  mk2 131 (1.63) hio 237 (2.52) i
s–ok 103 (5.65)  hio 202 (1.10) i
hio 202 (1.06) i
s–ok 104 (6.02)  hio 201 (1.18) i
s–ok 109 (0.08)  hio 201 (0.97) i
xk 111 (1.66) hio 216 (0.90) i
xk 112 (1.79) hio 216 (0.89) i
xk 110 (3.09) hio 216 (0.72) i
xk 112 (2.64) hio 216 (0.77) i

i 354 (–7.30) c–ok
i 355 (–8.29) c–ok
i 233 (–2.87)  hio 108 (–1.65) mk1
i 235 (–2.74) hio 122 (–1.83)  mk2
103 (–0.81) mk1
i 201 (–1.04)  hio
i 200 (–1.10)  hio 100 (–0.13) s–ok
i 214 (–0.99)  hio –b xk
i 215 (–1.02)  hio 70 (–1.14) xk

c–ok 273 (6.70) i
i 260 (–6.23) c–ok
k
c–o 273 (6.20) i
2
i 263 (–6.04) c–ok
c–ok 273 (6.71) i
c–ok 273 (6.06) i
PCl(1)
10
i 65 (–0.68) hk 125 (1.51) i
i 71 (–0.97) hk
k
h 125 (1.47) i
2
i 98 (–2.28) hk
i 56 (–0.23) hk 125 (2.10) i
hk 126 (2.20) i
PCl(2)
10
i
x 53 (0.95) i
i
2
i
x 47 (0.83) i
i
PCl(3)
10
i
hio 80 (1.37) i
i
2
i
hio 82 (1.71) i
i
a Data from the first heating and cooling scans are on the first line, and data from the second heating are on
the second line with rate indicated in second column. b This transition is observed by XRD. Phase notation:
Φhio – 2D columnar hexagonal phase with short range intracolumnar order; Φhk – columnar hexagonal
crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φs–ok – columnar simple
orthorhombic crystalline phase; Φmk1, Φmk2 – columnar monoclinic crystalline phase; Φx – unknown disordered
phase; Φxk – unknown crystalline phase; i – isotropic. Note: quantitative uncertainties are ±1 ºC for thermal
transition temperatures and ~ 2% for the associated enthalpy changes reported in kcal/mol.
PCl(0)

10

101

Table A3.3. Transition Temperatures and Associated Enthalpy Changes of N(m) and B(m)
with m = 0, 1, 2, and 3, Determined by DSC and Phases Determined by XRD

N(0)

Rate
(ºC/
min)
10
2

N(1)

10
2

N(2)

10
2

N(3)

10
2

Thermal transition temperature (°C) and corresponding enthalpy change (kcal/mol)
Heatinga
Cooling
hk 176(2.21) i
hk 176(2.26) i
hk 176(2.64) i
hk 176(2.77) i
hk 89 (1.44) –b c–ok i
i 46 (–0.82) c–ok 89 (1.62) i
hk 44 (1.36) c–ok 89 (2.44) i
c–ok 89 (2.73) i
s–ok 94 (14.67) i
i 23(–3.40) s–ok 83 (5.17) i
s–ok 94 (15.96) i
s–ok 84 (7.51) i
i
i
i
i

i 169 (–2.48)  hk
i 171 (–2.88)  hk
i
i 65 (–2.06) c–ok
i
i 46 (–6.33) s–ok
i
i

hk 86 (4.09) i
i 65 (–2.59) hk
hk 84 (3.50) i
2
i 72 (–2.78) x 54 (–1.30)  hk
hk 86 (4.69) i
k
h 85 (4.54) i
B(1)
10
i
mk –b i
i
2
i
mk 45 (4.85) i
i
B(2)
10
s–ok 80 (6.23) c–ok 96 (6.40) i
i 72 (–5.99) c–ok
c–ok 96 (6.44) i
2
i 80 (–7.20) c–ok
s–ok 77 (7.06) c–ok 95 (7.27) i
k
c–o 96 (7.26) i
B(3)
10
i
i
i
2
i
i
i
a Data from the first heating and cooling scans are on the first line, and data from the second heating are on
the second line with rate indicated in second column. b This transition is observed by XRD. Phase notation:
Φhio – 2D columnar hexagonal phase with short range intracolumnar order; Φhk – columnar hexagonal
crystalline phase; Φc-ok – columnar centered orthorhombic crystalline phase; Φs-ok – columnar simple
orthorhombic crystalline phase; Φmk – columnar monoclinic crystalline phase; Φx – unknown disordered
phase; Φxk – unknown crystalline phase; i – isotropic. Note: quantitative uncertainties are ±1 ºC for thermal
transition temperatures and ~ 2% for the associated enthalpy changes reported in kcal/mol.
B(0)

10
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A3.5
Structural Analysis Parameters
Table A3.4. Structural Analysis of P(m), PCl(m), N(m), and B(m) with m = 0, 1, 2, and 3, as Determined by XRD
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d110, d200, d020, d310, d220, d400, d130, d420, d510, d330, d600, d710, d620, d800, d530; d201, d511, d131, d213, d413; d001, d002, d003, d004 (Å) c
d100, d010, d110, d1-10, d200, d210, d2-10, d020, d120, d300, d1-20, d310, d220, d3-10, d2-20, d400, d130, d1-30; d201, d211, d2-11, d3-11, d311, d321, d3d
21(Å)
T
d
,
d110, d200, d210 (Å) e
100
Phase a
a, b, c (Å); γ b
(°C)
d100, d200, d300, d400, d500, d600, d700, d800, d900; d010, d020, d030, d040, d110, d210, d310, d410, d510, d610, d710; d120, d220, d320, d420; d130,
d230, d330; d140, d240; d111, d201, d021; d001 (Å) f
d100, d110, d200, d210, d300, d220, d310, d400, d320, d410, d500, d330, d420, d510; d101, d111, d102, d103, d113, d203; d001, d002, d003, d004, d005, d006,
d008 (Å) g
P(0)
175 Φc–ok
48.7, 31.7, 20.3; 90.0° –, 24.4 [3.1], –, 14.6 [0.02], 13.5 [1.5], –, –, 9.7 [0.07], 9.2 [0.64], 8.8 [0.22], –, –, –, –, –; –, –, –, 6.4, 5.9; –, 10.1 [0.58], –, – c
P(1)
80 Φmk1
42.8, 34.8, 16.8; 77.0° 41.2 [7.5], –, 29.0 [4.1], –, 20.9*, 20.9*, 17.1*, 17.1*, 17.1*, 14.9*, 14.9*, 14.9*, 14.9*, 12.0*, –, –, –, –; 13.2*, 13.2*, –, –, –, –,
–d
110 Φmk2
42.7, 30.5, 16.8; 85.8° –, 30.7, 25.5 [0.55], 23.7 [1.4], 21.3 [2.1], 18.1 [0.23], 16.8 [0.11], 15.3*, 15.3*, 15.3*, 15.3*, –, –, –, 11.8, –, 10.0, 9.5; 13.4
[1.9], 12.1*, 12.1*, 10.0*, 10.0*, 9.1, – d
175 Φhio
27.6, 27.6, –; 60.0°
23.6, [3.4] 13.9 [0.11], –, 9.1 [0.42] e
P(2)
80 Φs–ok
56.8, 11.0, 6.9; 90.0°
67.7 [2.5], 28.2 [3.5], 19.3 [0.84], –, 10.8*, 9.3*, 7.8*, 7.1*, 6.6*; 10.8*, –, –, –, 10.8*, 10.8*, 9.3*, –, 7.8*, 7.1*, 6.6*; –, –, –, –;
–, –, –; –, –; –, –, –; 6.9 f
io
140 Φh
28.8, 28.8, –; 60.0°
25.5 [4.9], –, 12.5 [0.86], 9.4 [0.17] e
P(3)
20 Φxk
–
–
155 Φhio
30.6, 30.6, –; 60.0°
26.5 [1.4], –, 13.3 [0.23], 10.1 [0.23] e
PCl(0)
175 Φc–ok
53.2, 30.4, 21.2; 90.0° 26.7*, 26.7*, 15.3*, 15.3*, –, –, 9.9*, 9.9*, 9.9*, –, –, –, –, –, –; –, –, –, –, –; –, 10.6 [3.3], –, 5.3 [2.3] c
PCl(1)
90 Φhk
25.4, 25.4, 32.3; 60.0° 21.9 [2.4], 12.7 [0.04], 11.0 [0.25], 8.3 [0.44], –, –, –, –, –, –, –, –, –, –; –, –, –, –, –, –; –, –, –, –, –, 5.6, 4.0 [19] g
PCl(2)
20 Φx
–
–
PCl(3)
20 Φhio
31.9, 31.9, –; 60.0°
27.8 [4.5], 15.8 [2.4], 13.7 [6.8], 10.5 [7.9] e
N(0)
45 Φhk
24.7, 24.7, 25.5; 60.0° 21.3 [3.9], 12.4 [3.8], –, 8.1 [2.3], –, –, –, –, –, –, –, –, –, –; –, –, 11.1 [0.69], 8.0 [1.5], 7.1, 6.8; –, –, –, 6.3, 5.1, –, – g
N(1)
20 Φhk
25.4, 25.4, 10.2; 60.0° 22.0 [1.6], 12.7 [1.1], –, 8.3 [4.0], 7.3 [0.41], –, –, –, –, –, –, –, –, –; 10.0*, –, 5.0*, 3.4*, –, –; 10.0*, 5.0*, 3.4*, –, –, –, – g
55 Φc–ok
50.5, 22.6, 6.8; 90.0°
20.6 [2.8], 25.1 [0.94], –, 13.5 [1.0], 10.3 [0.57], 12.6 [1.2], 7.4 [1.2], 8.4*, 9.2 [1.3], 6.9*, 8.4*, 6.9*, 6.7, –, 6.0 [0.15]; 6.6, 5.4,
5.0, –, –; –, 3.4 [5.9], –, – c
N(2)
55 Φs–ok
38.0, 22.8, 5.1; 90.0°
–, 19.4*, –, 9.5 [2.4], 7.5*, 6.4*, –, 4.8, –; –, 11.3*, 7.5*, 5.7*, 19.4*, 14.6 [1.2], 11.3*, 8.7*, 7.5*, –, –; 11.3*, –, 8.7*, 7.5*; 7.5*,
–, –; –, –; –, –, –; 5.1 f
B(0)
37 Φhk
49.4, 49.4, 13.8; 60.0° 43.3 [4.8], –, 21.3 [8.9], –, –, 12.4 [8.9], –, 10.6 [0.59], –, –, –, 8.2*, 8.2*, –; 12.7*, 12.7*, –, –, –, –; 13.6, 7.0, 4.7, –, –, –, – g
B(1)
20 Φmk
49.4, 43.2, 13.6; 69.6° 46.3, 40.5, 37.7, 25.9 [0.41], 22.9 [0.62], 24.1 [0.33], 17.8 [1.7], –, 21.5 [0.51], –, –, –, 18.9 [0.66], –, –, –, –, –; –; –; –; –; –; –
;–d
B(2)
30 Φc–ok
50.9, 22.3, 6.8; 90.0°
20.3 [1.4], 25.4 [3.1], 11.1 [3.8], 13.6, 10.2 [4.4], 13.0, 7.3 [0.76], 8.4*, 9.3 [1.9], 6.8*, 8.4*, 6.8*, 6.8*, –, 6.0; 6.7, 5.4, 5.0, –, –
; –, 3.4, –, – c
50 Φs–ok
39.1, 23.6, 5.2; 90.0°
–, 19.6*, –, 9.7 [3.2], 7.7*, 6.5*, –, 4.9, –; –, 11.7*, 7.7*, 5.8*, 19.6*, 15.0, 11.7*, 8.8*, 7.7*, –, –; 11.7*, –, 8.8*, 7.7*; 7.7*, 7.7*,
–; 5.8*, 5.7*; –, –, –; 5.2 f
a
Phase notation: Φhio – 2D columnar hexagonal phase with short range intracolumnar order; Φhk – columnar hexagonal crystalline phase; Φc-ok – columnar centered orthorhombic
crystalline phase; Φs-ok – columnar simple orthorhombic crystalline phase; Φmk – columnar monoclinic crystalline phase; Φx – unknown disordered phase; Φxk – unknown crystalline
phase; i – isotropic; bLattice parameters determined from fiber X-ray diffraction as follows: for hexagonal phases, dhkl = [4(h2 + k2 + hk)/(3a2) + (l/c)2]–1/2; for orthorhombic phases,
dhkl = [(h/a)2 + (k/b)2 + (l/c)2]–1/2; for monoclinic phases: dhkl = [(h/a sin γ)2 + (k/b sin γ)2 + (l/c)2 – {(2hk cos γ)/(ab sin2 γ)}]–1/2. c,d,e,f,gExperimental diffraction peak d-spacings. Relative
peak area (arbitrary units) indicated in square brackets for features for which the areas of separate peaks could be sufficiently resolved with Datasqueeze.S2 cPeak d-spacings
and areas for the Φc–ok phase. dPeak d-spacings and areas for the Φmk phase. ePeak d-spacings and areas for the Φhio phase. fPeak d-spacings and areas for the Φs–ok phase.
g
Peak d-spacings and areas for the Φhk phase. * indicates unresolved feature in XRD pattern.

Table A3.5. Lattice Parameters, Experimental Density and Molecular Weight of P(m), PCl(m),
N(m), and B(m) with m = 0, 1, 2, and 3
T
Phase a
a, b, c (Å) b
Dcol
t
Mwt g
, ,  (°)c
f
h
(°C)
(Å)d (Å)e (g/cm3) (g/mol)
k
P(0)
175 Φc–o
48.7, 31.7, 20.3
90.0, 90.0, 90.0
29.0
5.1
1.71
2235
1.80
P(1)
80 Φmk1
42.8, 34.8, 16.8
90.0, 90.0, 77.0
–
3.4
1.71
2263
1.11
110 Φmk2
42.7, 30.5, 16.8
90.0, 90.0, 85.8
25.3
3.4
1.71
2263
0.99
io
175 Φh
27.6, 27.6, –
90.0, 90.0, 60.0
27.6
3.4
1.71
2263
1.02
P(2)
80 Φs–ok
56.8, 11.0, 6.9
90.0, 90.0, 90.0
–
3.5
1.70
2291
0.96
140 Φhio
28.8, 28.8, –
90.0, 90.0, 60.0
28.8
3.4
1.70
2291
1.09
P(3)
20 Φxk
–
–
–
–
1.69
2319
–
155 Φhio
30.6, 30.6, –
90.0, 90.0, 60.0
30.6
3.4
1.69
2319
1.21
PCl(0)
175 Φc–ok
53.2, 30.4, 21.2
90.0, 90.0, 90.0
30.6
5.3
1.74
2373
1.89
k
PCl(1)
90 Φh
25.4, 25.4, 32.3
90.0, 90.0, 60.0
25.4
4.0
1.73
2401
0.98
PCl(2)
20 Φx
–
–
–
–
1.71
2429
–
PCl(3)
20 Φhio
31.9, 31.9, –
90.0, 90.0, 60.0
31.9
–
1.69
2457
–
N(0)
45 Φhk
24.7, 24.7, 25.5
90.0, 90.0, 60.0
24.7
5.1
1.38
2111
1.06
N(1)
20 Φhk
25.4, 25.4, 10.2
90.0, 90.0, 60.0
25.4
3.4
1.71
2139
0.91
k
55 Φc–o
50.5, 22.6, 6.8
90.0, 90.0, 90.0
–
3.4
1.71
2139
0.93
N(2)
55 Φs–ok
38.0, 22.8, 5.1
90.0, 90.0, 90.0
–
5.1
1.70
2167
1.02
N(3)
– i
–
–
–
–
1.69
2195
–
B(0)
37 Φhk
49.4, 49.4, 13.8
90.0, 90.0, 60.0
24.7
4.6
1.57
2061
1.11
B(1)
20 Φmk
49.4, 43.2, 13.6
90.0, 90.0, 69.6
–
4.5
1.70
2089
1.11
k
B(2)
30 Φc–o
50.9, 22.3, 6.8
90.0, 90.0, 90.0
–
3.4
1.69
2117
0.93
50i Φs–ok
39.1, 23.6, 5.2
90.0, 90.0, 90.0
–
5.2
1.69
2117
1.12
B(3)
– i
–
–
–
–
1.69
2145
–
aPhase notation: Φ io – 2D columnar hexagonal phase with short range intracolumnar order; Φ k – columnar
h
h
hexagonal crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φs–ok – columnar
simple orthorhombic crystalline phase; Φmk, Φmk1, Φmk2 – columnar monoclinic crystalline phase; Φx –
unknown disordered phase; Φxk – unknown crystalline phase. b,cLattice parameters determined from fiber and
powder X-ray diffraction as follows: for hexagonal phases, dhkl = [4(h2 + k2 + hk)/(3a2) + (l/c)2]–1/2; for
orthorhombic phases, dhkl = [(h/a)2 + (k/b)2 + (l/c)2]–1/2; for monoclinic phases: dhkl = [(h/a sin γ)2 + (k/b sin γ)2
+ (l/c)2 – {(2hk cos γ)/(ab sin2 γ)}]–1/2. dColumn diameter calculated using: Dcol = a for Φhio and Φhk, and Dcol =
a / [2 cos (tan–1 b/a)] for Φc–ok and Φs–ok. eStratum thickness calculated from the meridional pattern.
fExperimental density measured at 23 C. gMolecular weight of the compound. hAverage number of dendrimers
forming the supramolecular column stratum, calculated using:  = (NA··A·t)·(2Mwt)–1, where NA = 6.022 × 1023
mol–1, A is the unit cell area of the ab-plane, and t is the average stratum thickness calculated from the
meridional pattern. iNonequilibrium phase observed only in as prepared sample.
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A3.6

Molecular Modeling and Comparison of Experimental and Simulated Fiber XRD Data

Figure A3.2. XRD patterns collected from oriented fibers of the P series (a–c, left) and their
comparison with simulated XRD patterns (a–c, right), and simplified illustrations of molecular
models without semifluorinated chains (d–f). Temperature, phase, lattice parameters, layer lines
and fiber axis are indicated, as appropriate. Phase notation: Φc–ok – columnar centered
orthorhombic crystalline phase; Φs–ok – columnar simple orthorhombic crystalline phase; Φhio – 2D
columnar hexagonal phase with short range intracolumnar order. Color code: green – C, aromatic
core; yellow – C, dendron phenyl ring; grey – C, dendron linker; white – H; red – O; dark blue – N,
imide.

Figure A3.3. XRD patterns collected from oriented fibers of the PCl series (a, b, left) and their
comparison with simulated XRD patterns (a, b, right), and simplified illustrations of molecular
models without semifluorinated chains (c, d). Temperature, phase, lattice parameters, layer lines
and fiber axis are indicated, as appropriate. Phase notation: Φc–ok – columnar centered
orthorhombic crystalline phase; Φhk –columnar hexagonal crystalline phase. Color code: green –
C, aromatic core; yellow – C, dendron phenyl ring; grey – C, dendron linker; white – H; red – O;
dark blue – N, imide.
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Figure A3.4. XRD patterns collected from oriented fibers of the N series (a–d, left) and their
comparison with simulated XRD patterns (a–d, right), and simplified illustrations of molecular
models without semifluorinated chains (e–h). Temperature, phase, lattice parameters, layer lines
and fiber axis are indicated, as appropriate. Phase notation: Φhk – columnar hexagonal crystalline
phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φs–ok – columnar simple
orthorhombic crystalline phase. Color code: green – C, aromatic core; yellow – C, dendron phenyl
ring; grey – C, dendron linker; white – H; red – O; dark blue – N, imide.

Figure A3.5. XRD patterns collected from oriented fibers of the B series (a–d, left) and their
comparison with simulated XRD patterns (a–d, right), and simplified illustrations of molecular
models without semifluorinated chains (e–h). Temperature, phase, lattice parameters, layer lines
and fiber axis are indicated, as appropriate. Phase notation: Φhk – columnar hexagonal crystalline
phase; Φmk – columnar monoclinic crystalline phase; Φs–ok – columnar simple orthorhombic
crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase. Color code: green –
C, aromatic core; yellow – C, dendron phenyl ring; grey – C, dendron linker; white – H; red – O;
dark blue – N, imide.
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CHAPTER 4
A Supramolecular Double Helix that Disregards Chirality
(Adapted with permission from Roche, C.; Sun, H.-J.; Leowanawat, P.; Araoka, F.; Partridge,
B. E.; Peterca, M.; Wilson, D. A.; Prendergast, M. E.; Heiney, P. A.; Graf, R.; Spiess, H. W.;
Zeng, X.; Ungar, G.; Percec, V. Nature Chem. 2016, 8, 80–89. Copyright 2016, Springer Nature)

4.1

Introduction

The origin of biological homochirality remains a fundamental question of natural science, 1–5 even
though the most advanced functions of biological and nonbiological systems emerge from
homochiral primary structures. Classic examples are the helical structure of proteins, 6
carbohydrates,7 isotactic polypropylene,8,9 carbon nanotubes10–12 and the double helix of DNA.13–15
These secondary structures, together with other local conformations, are responsible for the
creation of tertiary and quaternary crystalline structures 15,16 and functions. Heterochiral primary
structures such as syndiotactic polypropylene 8,17 yield lower order crystals than their homochiral
counterparts while racemic or atactic polymers generate amorphous solids or liquids. 8 Since
Pasteur’s seminal experiment,18 chiral self-sorting, or spontaneous deracemization, of
conglomerates during crystallization from solution18–25 has been employed to generate
homochirality at the single crystal scale but not at the macroscopic level. This was demonstrated
by conglomerates having lower melting points than crystals of the corresponding pure
enantiomers.21 Spontaneous deracemization of helical assemblies produced from achiral
molecules in thermotropic liquid crystals translated deracemization from solution 18–25 to bulk liquid
crystal state.26–28 This advance enabled access to monodomains of enantiomerically pure liquid
crystals by spontaneous deracemization in melt liquid crystal states. 26–28 The same homochiral
principles have been demonstrated during self-organization of supramolecular biological
assemblies, such as tobacco mosaic virus,29,30 and non-biological assemblies.31–41 A study of all
stereochemical permutations of self-assembling dendritic dipeptides, including homochiral,
heterochiral and various racemic variants in solution and bulk state, demonstrated that the highest
degree of stereochemical purity, enantiopure homochiral, exhibited the most thermodynamically
favored self-assembly process in solution, corresponding to the greatest degree of order in the
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crystal state.31–34 These results showed that enantiomerically rich, racemic and achiral assemblies
may undergo deracemization even in sufficiently mobile crystal states, when the transfer of a
molecule between neighboring assemblies is thermodynamically and kinetically allowed.
Supramolecular assemblies of dendritic dipeptides held together via strong noncovalent
interactions approaching the strength of a covalent bond precluded deracemization due to
prohibited disassembly.32 Therefore, their homochiral assemblies could crystallize while their
racemic assemblies could not.32 A recent study of the self-assembly of a family of weakly
interacting, dynamic cyclotriveratrylene crowns substituted with 12 branched alkyl chains of various
chiral compositions demonstrated the first example of deracemization in the crystalline state. 21 The
driving force for deracemization was formation of a columnar hexagonal crystal, whose lattice
symmetry demands identical single-handed helical columns in a crystal lattice whose unit cell
contains fragments of four separate columns representing a single column.21 This was possible
due to the weak supramolecular interactions between crowns. Homochiral and “racemic by mixture”
samples were shown to deracemize at the molecular level to generate crystalline order after
annealing. However, a “racemic by synthesis” sample, which intrinsically cannot deracemize at the
molecular level, was unable to generate high crystalline order and instead yielded poorly ordered
columnar hexagonal crystals upon deracemization, with a much lower melting temperature than
the corresponding enantiopure forms.21 This study also demonstrated that deracemization at the
supramolecular

level

occurs

between

enantiomerically

pure

or

enantiomerically

rich

supramolecular columns rather than within a column.
Here we report the discovery of a family of perylene bisimide (PBI) derivatives containing six chiral
side chains in various stereochemical permutations including homochiral, “racemic by mixing” and
“racemic by synthesis” that self-assemble into single-handed supramolecular columns to yield
identical single-handed columnar hexagonal crystalline domains likely due to deracemization at the
molecular and supramolecular levels, irrespective of chiral composition. A cogwheel model of
crystallization is proposed to facilitate this process and to explain the very high degree of order
even at the interface between single-handed crystalline monodomains. A library of chiral PBI
derivatives was screened to discover the compounds reported here. This cogwheel mechanism
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responsible for the generation of single crystal-like order from racemic compounds is expected to
enable prediction of libraries of building blocks that follow the same self-organization principles, via
the design of other self-assembling molecules with structural parameters congruent with the
present PBI derivatives.

4.2

Results and Discussion

4.2.1

Synthesis of Dendronized PBI Derivatives

The synthesis of four PBI derivatives substituted with two identical benzyl rings bearing three chiral
dimethyloctyloxy chains in either enantiopure ((R)-11 and (S)-11) or racemic form (rac-11 and mix11) is outlined in Figure 4.1. All compounds have a perylene bisimide core substituted at both imide
positions with identical first-generation dendrons, each dendron bearing three chiral branched alkyl
chains, either in enantiopure or in racemic form. The length of the dimethyloctyl chains and the
alkyl spacer between PBI and benzyl ring were selected to achieve a thermodynamically controlled
crystallization of their assemblies as discovered previously with linear achiral alkyloxy groups. 42
The enantiopure alkyl bromides 5 and 6 were prepared by hydrogenation of the corresponding (S)and (R)-citronellyl bromides 2 and 3, while their racemic analog 7 was obtained by treatment of
racemic 3,7-dimethyl-1-octanol 4 with hydrobromic acid. The alkyl bromides 5, 6 and 7 were then
reacted with the 3,4,5-trihydroxyphenyl derivative 1,42 to give the protected minidendrons (S)-8,
(R)-8, and rac-8, respectively. In the case of rac-8 the compound obtained is a mixture of six
stereoisomers with different chirality of the side chains at the 3-, 4-, and 5-positions of the benzyl
ring. The six stereoisomers ((3R, 4R, 5R), (3R, 4R, 5S), (3R, 4S, 5R), (3R, 4S, 5S), (3S, 4R, 5S),
and (3S, 4S, 5S)) were not separated, and the mixture was carried over in the subsequent synthetic
steps.
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Figure 4.1. Synthesis and supramolecular structure of PBI derivatives. a, Synthesis of chiral PBI
derivatives (S)-11 and (R)-11, “racemic by synthesis” (rac)-11, which is a statistical mixture of all
possible diastereomers synthesized from racemic bromide 7, and “racemic by mixing” (mix)-11,
which is a 50:50 mixture of the two enantiomers (S)-11 and (R)-11. Reagents and conditions: (i)
K2CO3, DMF, 70 °C; (ii) H2, PtO2, EtOAc, 25 °C; (iii) HBr, H2SO4 (cat.), 120 °C; (iv) NH2NH2·H2O,
graphite, EtOH, reflux; (v) Zn(OAc)2·2H2O, quinoline, 180 °C. b, c, Comparison of the helical
structures of b, 11 in the low order Φhk1 phase and c, 11 in the high order Φhk2 phase. The
supramolecular helix in the low order Φhk1 phase is slightly distorted, resulting in a wavy surface on
the exterior of the supramolecular column. In contrast, the supramolecular columns in the high
order Φhk2 phase are crystallographically perfect helices with a straight surface along the length of
the column.
The last two steps of the synthesis proceeded by cleavage of the phthalimide protective groups to
give the free benzyl amines (S)-9, (R)-9, and rac-9, followed by condensation of amines 9 with
perylene-3,4,9,10-tetracarboxylic dianhydride 10 to give the dendronized PBIs (S)-11, (R)-11, and
rac-11. Molecules (S)-11 and (R)-11 are homochiral compounds substituted respectively with only
S side chains and only R side chains, while rac-11 is a mixture of 21 stereoisomers with random
proportions and distributions of S and R side chains at the six peripheral positions, also referred to
as “racemic by synthesis”. In addition, a fourth sample was prepared by mixing the final compounds
(S)-11 and (R)-11 in equal proportions to give a racemic mixture of two enantiomers, referred to as
“racemic by mixing” or mix-11.
(S)-8 and (R)-8 are enantiomerically pure, whereas the racemic rac-8 is a mixture of 6
diastereomers with different chiralities of the side chains at the 3-, 4- and 5-positions of the benzyl
ring. Consequently, (S)-11 and (R)-11 are enantiomerically pure, while rac-11, named also
“racemic by synthesis”, contains 21 diastereomers whose chirality is statistically scrambled. rac-11
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differs from “racemic by mixing” mix-11, which is a 50:50 mixture of the homochiral enantiomers
(S)-11 and (R)-11.
4.2.2

Thermal Analysis of 11 by Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry (DSC) (Figure 4.2) combined with X-ray diffraction (XRD)
experiments (to be discussed later) demonstrated unexpected behavior of the assemblies obtained
from the enantiopure ((S)-11, (R)-11) and racemic (rac-11, mix-11) compounds. All assemblies
exhibit a columnar hexagonal crystalline phase, Φhk1, which melts at 200 °C with almost no
hysteresis; it crystallizes at 198 °C and 199 °C with cooling rates of 10 °C/min and 1 °C/min,
respectively. The isotropic transition temperature and associated enthalpy change in all samples is
almost invariant with respect to scan rate, and negligible supercooling is required to regenerate the
Φhk1 phase, demonstrating that this phase transition is thermodynamically controlled. 42–44
In the DSC traces at 10 °C/min (Figure 4.2a), only the phase transition from Φhk1 to the isotropic
phase is apparent. However, at a scan rate of 1 °C/min (Figure 4.2b), the first heating traces exhibit
a small and broad exothermic peak followed by a small endothermic peak, corresponding to the
slow phase transition from a Φhk1 crystal with some disorder to a highly ordered Φhk2 crystal
followed by the transition from Φhk2 back to Φhk1 at around 125 °C. Subsequent cooling does not
regenerate the Φhk2 structure, even with the rate as low as 1 ºC/min. High order Φhk2, formed under
kinetic control, can be detected only by special thermal treatment such as (i) slow heating and
reheating (1 °C/min) via an exotherm at ~105 °C observed upon heating, (ii) rapid heating (10
°C/min) followed by annealing at 110 °C for 3 h or (iii) an extended period of annealing at 23 °C.
Low order Φhk1 is metastable at low temperature, while Φhk2 is the thermodynamically stable
structure at low temperature. The small enthalpy change associated with the transition between
Φhk1 and Φhk2 indicates that the structural difference between the two phases must be small.
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Figure 4.2. DSC traces of 11 with various chiral compositions recorded with heating and cooling
rates of a, c, 10 °C/min and b, d, 1 °C/min. a, b, The first heating, first cooling and second heating
cycles at the indicated heating and cooling rates. c, d, The third heating traces after first heating
and first cooling as shown, second heating to 110 °C, annealing at 110 °C for 3 h and second
cooling to –40 °C, all at the indicated heating and cooling rates. Phases, transition temperatures,
and associated enthalpy changes (in brackets in kcal/mol) are indicated.
4.2.3

Analysis of Self-Assembly in Solution by Circular Dichroism (CD) and Ultraviolet-

Visible (UV-vis) Spectroscopies
Temperature-dependent CD/UV experiments with full spectra were performed by cooling
5.0 × 10-5 M solutions of the chiral dendronized PBI in n-butanol/methylcyclohexane (85:15 v/v)
from 50 °C to 10 °C at a cooling rate of 0.5 °C/min with measurement of full spectra at 2 °C intervals
from 50 °C to 26 °C and at 1 °C intervals from 25 °C to 10 °C. The selection of
112

n-butanol/methylcyclohexane (85:15 v/v) as the solvent is discussed in the Appendix (Section
A4.1).
Circular dichroism (CD) and UV-vis spectra of solutions of

(S)-11 and (R)-11 in

n-butanol/methylcyclohexane (85:15 v/v) recorded upon cooling from 50 °C to 10 °C demonstrate
that self-assembly of 11 proceeds via two distinct stages (Figure 4.3a). In the first stage, from 50 °C
to 20 °C, (S)-11 and (R)-11 are CD-silent. However, a significant decrease in the intensity of their
UV-vis absorbance is observed. This suggests that (S)-11 and (R)-11 are molecularly dissolved at
50 °C and form short disordered stacks, such as dimers or trimers, upon cooling to 20 °C. The
absence of Cotton effects between 50 °C and 20 °C excludes the formation of long, ordered helical
assemblies.

Figure 4.3. Solution CD and UV-vis experiments. a, Solution CD and UV-vis spectra of (S)-11 and
(R)-11 upon cooling. (S)-11: green (50 to 20 °C) and blue (19 to 10 °C); (R)-11: red (19 to 10 °C).
UV spectra for (R)-11 and (S)-11 are identical. b, CD spectra of thin films (solid lines) of (S)-11
(blue) and (R)-11 (red) (collected at 23 °C). Solution spectra are also given (broken lines). c,
Degree of aggregation of (S)-11 (blue), (R)-11 omitted for clarity, mix-11 (purple), and rac-11
(orange) calculated from UV-vis data upon cooling, and fitting with the cooperative elongation
model (solid lines). Calculated45 values for the elongation enthalpy, he and elongation temperature,
Te are tabulated in the inset. d, e, Majority rules experiments; d, CD spectra collected from mixtures
of (R)-11 and (S)-11. e, Net helicity dependence on the enantiomeric excess in mixtures of (R)-11
and (S)-11 (red) and (R)- or (S)-11 and rac-11 (blue). These experiments demonstrate not only
that (R)-11 and (S)-11 generate supramolecular assemblies of opposite handedness in solution,
but also that these structures show some disregard for chirality during self-assembly in solution.
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In the second stage, from 20 °C to 10 °C, an intense Cotton effect emerges in the CD spectra,
evidencing the formation of an extended helical assembly (Figure 4.3a, top). The spectra of (S)-11
are mirror images of those of (R)-11, confirming that the chirality of the peripheral alkyl chains
selects the handedness of the helical assemblies. The intense Cotton effects observed in the visible
region, which correspond to absorption by the PBI chromophore, also confirm the transfer and
amplification of chirality from the dimethyloctyl side chains to the aromatic core of the molecular
and supramolecular structure. Although the complex CD response suggests that several
contributions are overlapping in the CD spectra, the relative signs of the Cotton effects
corresponding to the main absorption bands at ~240 and ~490 nm allow the assignment of the
helical sense for each enantiomer. These bands are also visible in CD spectra obtained with a thin
film (Figure 4.4a, b). The Cotton effects of the (R)-11 evolve from negative to positive with
increasing wavelengths around these absorption bands. This pattern corresponds to a positive
exciton coupling which is attributed to right-handed helices.46–49 Conversely, the (S)-11 exhibits a
negative exciton coupling which is attributed to left-handed helices. The helical sense of these
supramolecular PBIs is the same as that of the supramolecular columns assembled from chiral
cyclotriveratrylenes,21 which supports the helical sense being dictated by the chirality of the side
chains.
Variable temperature CD/UV-vis experiments in solution performed on all variants of 11
demonstrate a cooperative nucleation mechanism for their helical supramolecular polymerization
(Figure 4.3c and Appendix, Section A4.2).21,30,32,34,50–52 Data for single-wavelength cooling
experiments were recorded by cooling 5.0 × 10–5 M solutions of the desired sample in
n-butanol/methylcyclohexane (85:15 v/v) at 0.5 °C/min and measuring the CD/UV response at
300 nm (for calculations based on CD data) or at 245 nm (for calculations based on UV data) at
0.1 °C intervals. The first stage of self-assembly, from 50 °C to 20 °C, observed only by UV-vis but
not by CD, is associated with a nucleation process, while the second part, from 20 °C to 10 °C,
active in both CD and UV-vis, is associated with growth of the helix via a supramolecular helical
polymerization mechanism.21,30,50–52 CD experiments in thin film and in solution (solid and broken
lines, respectively, in Figure 4.3b) indicate persistence of a similar helical structure in both states.
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Quantitative thermodynamic analysis from UV-vis data demonstrated, within experimental error,
identical values for the elongation enthalpy, he, and elongation temperature, Te, irrespective of
enantiomeric composition (inset, Figure 4.3c). The elongation enthalpy, he, represents the net
enthalpy change upon elongation of the supramolecular column, while the elongation temperature,
Te, represents the temperature at which the nucleating assemblies begin to elongate to form
extended helical segments.45 The slightly lower Te of mix-11 may be due to heterogeneous
nucleation mediated by the mismatched enantiomer impurity acting as a seed. 32 The negative sign
of he confirms that self-assembly is enthalpically driven. These results agree with X-ray data (to be
discussed later), which reveal identical structures in all cases and suggest that the enthalpic energy
gained by addition of a PBI molecule to the supramolecular structure is almost invariant to the
chirality of the molecule being added. In other words, addition of a matching or a mismatching
monomer to a helical column are similarly favorable and the calculated enthalpy is an average
value. The elongation enthalpy, he, should reflect the non-zero mismatch penalty (0.6 kcal/mol;
discussed later) but experimental uncertainty in the value of he (±1 kcal/mol) obscures its influence.
Therefore, in contrast to previous studies,21 he shows that the thermodynamic stability and the
supramolecular structure of homochiral and racemic compounds do not strongly depend, at least
in solution, on the enantiomeric purity of their side chains.
Majority rules experiments probe whether a system exhibits chiral amplification. 21,24,32–34,53–55
Mixtures of (R)-11 and (S)-11 in different proportions (respectively 0%, 10%, 20%, 30%, 40%, 50%,
60%, 70%, 80%, 90% and 100% of (R)-11) were prepared as 5.0 × 10–5 M solutions (total
concentration) in n-butanol/methylcyclohexane (85:15 v/v). The solutions were cooled from 45 °C
to –5 °C at 0.5 °C/min, and their CD spectra were then recorded at –5 °C. The net helicity was
calculated by dividing the ellipticity of each sample by the ellipticity measured for the pure
enantiomers at 238 nm. In a system with no chiral amplification, the net ellipticity of a mixture of
two enantiomers changes linearly with enantiomeric excess (Figure 4.3e, broken black line). In
contrast, a deviation from linearity suggests that the enantiomer in excess has a disproportionate
impact upon the handedness of the supramolecular assemblies generated, as observed in majority
rules experiments with (R)-11 and (S)-11 (Figure 4.3e, red) and with (R)- or (S)-11 and rac-11
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(Figure 4.3e, blue). This moderate non-linear effect suggests that the enantiomers can coassemble into a single column in solution and that the majority enantiomer dictates the helical
sense of the column. The similarity of the deviation from linearity in both majority rules experiments
suggests that elongation of a helical column with a monomer of the non-preferred chirality is only
slightly less unfavorable for a monomer with all six stereocenters of the non-preferred chirality (i.e.
(R)- or (S)-11) as it is for a monomer with as little as one stereocenter of the non-preferred chirality
(rac-11). Hence a disregard for chirality is evident in the assembly of helical supramolecular
columns in solution.
4.2.4

Analysis of Self-Assembly in Bulk by CD, Micro-Spot CD and Optical Polarized

Microscopy
The helicity of assemblies in Φhk1 and Φhk2 was investigated in a thin film of (R)-11 monitored by
CD during annealing (Figure 4.4a, b). No Cotton effect was observed in the as prepared film at
temperatures lower than 100 °C, indicating that assemblies in Φhk1 either have no well-defined
handedness or exist as an equal mixture of right- and left-handed columns (Figure 4.4a). Heating
and annealing at 100 °C transformed Φhk1 into Φhk2 and the Cotton effect increased dramatically,
demonstrating that assemblies in Φhk2 exhibit a well-defined helical structure that is stable upon
cooling to 20 °C (Figure 4.4b). Neither rac-11 nor mix-11 exhibit a CD signal in solution or in a thin
film annealed under the same conditions as for (R)-11, suggesting that both racemic samples
contain a mixture of either an equal number of helical columns with opposite handednesses
(racemic between columns) or columns with a helix inversion and an equal amount of right- and
left-handed helical segments (racemic within a column).
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Figure 4.4. Thin film CD and optical polarized microscopy studies. a, b, Thin film CD spectra of
(R)-11 during a, heating from 20 to 100 °C followed by annealing at 100 °C and b, cooling from
100 °C after annealing. c, Thin film micro-spot CD spectra of rac-11 in the (red) Φhk1 and (blue)
Φhk2 phases. Each spectrum was obtained from a different spot on the film at 23 °C. Thin film microspot CD spectra of racemic by mixing mix-11 and enantiopure (S)- and (R)-11 are in Figures A4.2
and A4.3. d, e, Optical polarized micrographs of d, mix-11 and e, rac-11 in the Φhk2 phase, from
the same films used for micro-spot CD. The analyzer was rotated ±5º from the crossed position in
the right and left micrographs, respectively. Bright and dark areas (blue and brown, respectively)
are indicated. The directions of polarizer (P) and analyzer (A) are denoted by arrows (top). The
emergence of distinct positive and negative CD signals in a film of rac-11 demonstrates
segregation into microdomains of supramolecular columns of a single handedness. Optical
polarized micrographs show these microdomains as distinct areas, the contrast of which changes
from bright to dark, or vice versa, upon rotating an analyzer in different directions.
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Micro-spot CD experiments on films of rac-11 (Figure 4.4c) and mix-11 (Figure A4.2) in the Φhk1
and Φhk2 phases were performed to discriminate between these two possibilities. 21 The
birefringence of these films was confirmed to be negligibly small (Figure A4.1b), as also supported
by thin film micro-spot CD spectra of enantiopure (S)- and (R)-11 (Figure A4.3). The micro-spot CD
equipment has a very small beam size (< 500 m) able to measure the CD signal of small areas of
the film. If the samples are racemized within columns, no net ellipticity should be observed.
However, if the samples contain phase-separated crystalline domains with opposite handedness,
net plus or minus ellipticity corresponding to domains with different handedness may be detected.
In Figure 4.4c, each line is the spectrum collected from one micro-spot on the film. Net plus or
minus ellipticities are apparent in different spots, showing that the films are mixtures of domains
with opposite handedness. Micro-spot CD experiments demonstrated that Φhk2 of mix-11 (Figure
A4.2) and surprisingly also rac-11 (Figure 4.4c, blue) consists of domains containing columns of a
single handedness. A control experiment on Φhk1 of rac-11 (Figure 4.4c, red) shows no
deracemization in the low order Φhk1 phase. Therefore, deracemization takes place between leftand right-handed homochiral supramolecular columns in the crystal state, as demonstrated for the
first time recently.21
Optical segregation of enantiopure domains was also identified by uncrossing the polarizers of an
optical polarized microscope. Enantiomeric domains are distinguished as bright and dark regions
that interchange by rotating the analyzer clockwise or counterclockwise. In Figure 4.4d, e, the
middle images were obtained with the polarizer and analyzer orthogonal to each other with a long
exposure time (5 s). The slightly bluish-gray color indicates weak birefringence of the film that does
not interfere the observation of brightness change due to the optically segregated domains. The
right and left images correspond to textures obtained after 5º rotation of the analyzer, respectively.
Domains with opposite handedness can be identified as interchangeable bright or dark regions,
indicating that the samples are racemized between domains containing homochiral left and right
handed columns21 and not within a column. These experiments support a chiral self-sorting or
deracemization process18,21 occurring for assemblies of mix-11 and rac-11 during the transition to
the columnar hexagonal crystal phase, Φhk2. A control experiment with homochiral (S)- and (R)-11
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(Figure A4.4) shows no relative change in the contrast of individual microdomains, but rather an
overall change across the entire film. This indicates the presence of microdomains of a single
handedness throughout Φhk2, as expected from homochiral samples. We conclude that in Φhk2 the
supramolecular columns generated from all four homochiral and racemic compounds are singlehanded and homochiral.
4.2.5

Structural Analysis of Supramolecular Assemblies by X-ray Diffraction

Figure 4.5. Oriented fiber X-ray diffraction (XRD). XRD patterns collected from oriented fibers of a,
e, (S)-11; b, f, (R)-11; c, g, mix-11; and d, h, rac-11 in the a–d, Φhk1 and e–h, Φhk2 phases,
respectively. f, right, Comparison of experimental XRD pattern with XRD pattern simulated from
molecular model of (R)-11 presented later. Fiber axis, temperature, phase, and lattice parameters
(a = b = D, where D is the column diameter, Table A4.1) are indicated. Fully indexed patterns for
(R)-11 (b, f) showing L = 8 and L = 4 layer lines are in Figure A4.5. The XRD patterns of the Φhk1
and Φhk2 phases are, respectively, identical irrespective of the chiral composition of 11. These
patterns demonstrate that homochiral (S)- and (R)-11 and both racemic derivatives, mix- and rac11, self-assemble to give identical supramolecular structure with low order in the Φhk1 phase and
high order in the Φhk2 phase. The cross-like pattern of diffraction peaks in all diffraction patterns
indicates that the assembled structures are helical.
X-ray fiber patterns of Φhk1 of all chiral compositions of 11 were collected from oriented fibers
extruded41 from non-annealed powders (Figure 4.5a to 4.5d). Annealing for more than 12 days at
23 °C or for shorter times at higher temperatures transformed Φhk1 into Φhk2 (Figure 4.5e to 4.5h).
Crystallographic layer lines, L = l, are labelled in Figure 4.5 and selected reflections are identified
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in Figure 4.5a, e. Irrespective of the chiral composition and as suggested by the DSC data (Figure
4.2), Φhk1 and Φhk2 are identical in all samples of 11 (Figure 4.5). Sharp reflections on layer line
L = 0 of Φhk1 (Figure 4.5a to 4.5d) indicate well-ordered columns arranged on the projection of the
3D hexagonal lattice along the c-axis (ab-plane of the 3D unit cell, Figure A4.5). Diffuse streaks
extending from the meridian and quadrants demonstrate a helical arrangement of the
columns.13,14,21 The lattice parameters of Φhk1 and Φhk2 are listed in Figure 4.5 and Table A4.1. The
c-axis length in Φhk1 is almost double that in Φhk2 (26.6 Å vs 14.4 Å) and the column diameter is
slightly higher in Φhk1 (29.1 Å vs 27.6 Å, Figure 4.6). Unit cell dimensions and experimental density
(1.05 g/cm3) indicate that eight molecules form the unit cell of Φhk1 and only four form the unit cell
of Φhk2. The (008) reflection of Φhk1 (Figure A4.5) corresponds to a 3.3 Å π–π stacking distance
between successive PBI units. The meridional (004) reflection suggests a 4-fold repeat stacking
along the c-axis in Φhk1. The presence of the (101) reflection at L = 1 in Φhk1 suggests a certain
degree of intercolumnar crystalline order. However, the lack of other off-meridional reflections
indicates that this intercolumnar order is weak and therefore Φhk1 has only short-range helical order,
in line with CD (Figure 4.4c) and NMR (discussed later) experiments. In contrast, Φhk2 is a highly
ordered columnar hexagonal crystal with long range intra- and intercolumnar order, as evidenced
by numerous sharp reflections in its XRD pattern (Figure 4.5e to 4.5h) and solid state NMR analysis
(discussed later). This high order in Φhk2 is unexpected since only low crystalline order 21 or no
crystallization was previously observed in related assemblies comprising single-handed
monodomains produced from non-deracemizing racemic building blocks.32,34 The absence of (001)
coupled with the observation of a nonzero (002) reflection in Φhk2 indicates that the PBI molecules
may be dimerized, as supported by CD and UV-vis experiments (Figure 4.3), and that this
aggregation consists at least in part of distortions along the c-axis.
The asymmetric unit in both structures is a stack of four molecules, ABA′B′, with two asymmetric
units per unit cell in Φhk1 and one asymmetric unit per unit cell in Φhk2. The two pairs of molecules
(i.e., dimers), AB and A′B′, are very similar, as suggested by the absence of the allowed 002
reflection in Φhk1 (Figure 4.5a to 4.5d). Furthermore, the weak intensity of the ~7 Å reflection in
both phases (004 in Φhk1 and 002 in Φhk2) suggests that there is little difference between molecules
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within a dimer, i.e. between A and B and between A′ and B′. Thus the helical columns in Φhk1 and
Φhk2, which were earlier described as an 81 helix of molecules and 41 helix of molecules,
respectively, may also be described as a 41 helix of dimers and 21 helix of dimers. This latter
notation (41 and 21 helices) is used in Figure 4.7 and its associated discussion.
4.2.6

Diameters of Supramolecular Columns of 11

Figure 4.6. Effect of alkyl chain tilt angle on geometry of supramolecular columns of (R)-11. Single
molecular conformation (top) and model of supramolecular column (middle) and packed
supramolecular columns (bottom) for tilt angles of a, 0°, b, 30° and c, 90°. Tilt angles are defined
as the angle between the backbone of the peripheral alkyl chain and the columnar axis. Grey boxes
represent the Φhk2 unit cell with experimentally derived lattice parameters.
The diameter of the Φhk1 column is only slightly larger than that of the Φhk2 column (29.2 Å vs
27.4 Å). The diameter of the supramolecular columns of 11 is dependent on the arrangement of
the alkyl chains at the periphery of the column. Figure 4.6 shows three models for supramolecular
columns in Φhk2, in which the alkyl chains are tilted by 0°, 30° and 90° relative to the column axis,
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and compares them with the dimensions of the crystallographic unit cell (grey boxes) determined
experimentally (Figure 4.5). Increasing the tilt angle of the alkyl chains increases the column
diameter, to a maximum value of 44.0 Å when the alkyl chains are perpendicular to the column
axis. When the alkyl chains on the periphery of the column are tilted by 0°, they cover the exterior
of the column completely (Figure 4.7e, f). Hence only a small degree of interlocking of chains from
different columns is expected. Tilt angles of 30° and 90° would require a substantial degree of
interlocking, penetrating the alkyl chain coat of the column, to generate column packings consistent
with the unit cell derived from experimental data. Moreover, the symmetry of the structure requires
each and every column to be exactly the same and putting columns side by side will result in serious
clashes of the alkyl chains. Geometric considerations therefore strongly suggest that the alkyl
chains in the supramolecular columns of 11 in Φhk2 are constrained within each column with minimal
interlocking in between, consistent with the cogwheel model in Figure 4.7d, f. Indeed, the
experimental column diameter (27.4 Å) can only be explained by the model of Φhk2 from Figure
4.7d, f with diameter of 27.7 Å (Figure 4.6a), in which the alkyl groups are extended parallel to the
column axis. Polarized infrared (IR) experiments in aligned films of rac-11 in the Φhk2 phase support
the arrangement of alkyl chains parallel to the column axis (Appendix, Section A4.8).
4.2.7

Modeling of the Supramolecular Assemblies of 11

Models of supramolecular single-handed helical columns forming the low order Φhk1 and high order
Φhk2 crystals are shown in Figure 4.7. In columns of both phases, two neighboring molecules are
stacked and rotated by 45° with respect to each other to form dimers (Figure 4.7g, h). In Φhk2, the
helical axis corresponds to the center of each column, whereas the axis is off-center in the columns
comprising Φhk1. Consequently, in Φhk1, a 41-helix with a pitch of 26.6 Å is formed, and in Φhk2, a
21-helix with a pitch of 14.4 Å is formed. This structure can also be crystallographically defined as
a double helix that is different from that of DNA, whose strands are covalent, while here they are
supramolecular (see Appendix, Section A4.9). A brief survey of other columnar phases assembled
from PBI molecules is provided in the Appendix (Section A4.10).
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Figure 4.7. Model of supramolecular packing in the Φ hk1 and Φhk2 phases. a, Single molecular
conformation in Φhk2 of (R)-11 from top and side views. b, Simplified models of four molecules (two
dimers) stacked in a column with single handedness (top) and reversed handedness (bottom)
showing conflict between periphery alkyl chains. c, d, Side views of stick column models and e, f,
space filling models for Φhk1 and Φhk2. g, h, Schematic intracolumnar arrangement of dimers in the
two phases. The high steric interaction between alkyl groups upon helix reversal ensures that an
assembling column maintains the same helicity along its entire length. Molecules of 11 organize
into dimers, which then aggregate to form the supramolecular column in both the Φhk1 and Φhk2
phases. The dimers in both phases are identical, but their relative arrangement defines the
difference between the two phases: in the low order Φhk1 phase, the dimers are arranged off-axis,
leading to a staggered surface on the exterior of the column; in the high order Φhk2 phase, the
dimers are arranged co-axially generating a smooth column exterior and mediating higher order
packing of the supramolecular columns.
The sense of the 45° rotation between neighboring molecules is selected by their chirality. The
rotation of racemic dimers is also single-handed but statistically forms racemic crystals with large
single-handed domains. The alkyl chains extend parallel to the column axis with the methyl
stereocenters pointing into internal gaps defined by the rotation of the supramolecular helical
backbone of PBI cores (Figure 4.7a to 4.7d). This arrangement, demonstrated by the column
diameter (Figures 4.5 and 4.6), by the simulation of XRD21 (Figure 4.5f) of the supramolecular
model from Figure 4.7d, f, by UV analysis in solution (Figure 4.3a, bottom) and thin film in Φhk2
(Figure 4.4c), and by solid state NMR (Figure 4.9), explains the mechanism by which the chirality
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of mismatched enantiomers or racemic molecules neither affects neighboring columns (Figure
4.12) nor distorts the highly-ordered hexagonal crystal structure (Figure 4.7a, c–f). The length of
the alkyl chains matches perfectly with the half-pitch of the helix, thus optimizing organization into
helices and providing a principle for the design of additional building blocks following the same selfassembly and crystallization mechanisms.
This model resembles a cogwheel (Figures 4.7c–f and 4.12), with 24 alkyl chains on the periphery
of the column forming teeth. Slight interlocking (0.3 Å) with adjacent single-handed columns
reduces the column diameter from a theoretical value of 27.7 Å (Figure 4.6) to the experimental
value of 27.4 Å (Figure 4.5e to 4.5h) and thus generates the high order observed in the Φhk2 crystal.
Theoretical and experimental values for the column diameter in Φhk1 are 28.9 and 29.1 Å,
respectively. The diameters of the columns as modeled are supported by X-ray data (Figures 4.5
and 4.6).
4.2.8

Self-Assembly of 11 into Single-Handed Columns

The reason for the formation of the homochiral columns and, therefore, perfectly ordered crystals
in all samples is explained in Figure 4.7b. The upper column possesses dimers with the same
rotational sense, while the lower column possesses dimers with opposite rotational sense. For
clarity, the alkyl chains are shorter than reality and only one dendron for each molecule is shown.
It is demonstrated that only dimers with the same handedness are allowed to stack into a single
column since conflict (a large energy penalty) would occur between peripheral alkyl chains if the
dimer switches its handedness. This could explain why the columns are always single-handed
regardless of their constituent molecules. Once the rotation sense is decided by a column during
the early growth stage of the nucleation step, subsequent molecules will obey the same
handedness during the elongation process, even if the screw sense is not preferred by that
particular molecule. This process has been described theoretically by van Gestel et al56,57 and is
briefly discussed in the Appendix (Section A4.11). Two free energies govern the chiral amplification
in dynamic supramolecular assemblies: a helix reversal penalty (HRP) for reversing handedness
along the column and a monomer mismatch penalty (MMP) for putting a monomer in a non124

preferred helix. The helix reversal penalty (1.5 kcal/mol) is higher than the chiral mismatch penalty
(0.6 kcal/mol). This provides the mechanism by which a monomer with non-preferred chirality or
even mixed chiral character is incorporated in a single-handed helix. Non-enantiomerically pure
samples can co-assemble and a given handedness is able to propagate through a long stacking
distance. The handedness of all dimers is the same within a column (Figure 4.7b), and therefore
crystals of racemic compounds have a racemic mixture of left- and right-handed columns,
segregated into crystalline domains of single handedness columns (Figure 4.4c and 4.12).
Therefore, in racemic compounds the columns may contain mixtures of enantiomers but the
handedness of the columns has always a single sense. This allows the generation of columns with
indistinguishable cogwheel shapes from non-deracemizing rac-11 and the formation of hexagonal
crystals with as high a degree of order as those formed from enantiomerically pure compounds
(Figure 4.12).
4.2.9

Stacking Geometry of PBI Dimers from UV Absorption Spectra

It is proposed that both the Φhk2 and Φhk2 phases of 11 are assembled from dimers of PBI molecules
rotated by 45°. The UV spectrum of aggregates of PBI monomers has a significant dependence on
the interaction of the transition dipole moments in spatially close PBI molecules. Würthner’s
laboratory has demonstrated that this dependence can be used to determine the geometry of PBI
monomers in such aggregates through comparison of experimental and simulated UV spectra.58
Figure 4.8c illustrates the low resolution simulated spectra of a PBI dimer with different cofacial
arrangements, defined by angles α1 and α2 (Figure 4.8b) where α1 + α2 = 180°. As the difference
between α1 and α2 decreases, the distance between the two spectral features in the UV spectrum
also decreases, until, with α1 = 80° and α2 = 100°, the two peaks overlap. Ref. 58 does not feature
a simulation for the case where α1 = α2 = 90°. However, the trend in Figure 4.8c suggests that
further coalescence of the two spectral features would be expected where α1 = α2 = 90°, as in the
cogwheel model shown in the Figures 4.7 and 4.12. Figure 4.8a shows the experimental UV spectra
of (S)-11 at 20 °C in thin film (solid red line) and in solution (broken green line) which clearly exhibit
two coalesced spectral peaks. The qualitative comparison of our experimental data (Figure 4.8a)
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with low resolution simulated spectra from the Würthner laboratory (Figure 4.8c) therefore supports
the parallel cofacial stacking of PBI molecules in our proposed cogwheel model (Figures 4.7 and
4.12).

Figure 4.8. UV absorption spectra of PBI aggregates. a, UV spectra of (S)-11 in thin film in the Φhk2
phase at 20 °C (solid red line; prepared from nBuOH/MCH, 85:15 solution) and in solution (broken
green line; nBuOH/MCH, 85:15, 5 × 10–5 M), collected at 23 °C. b, Schematic diagram illustrating
the orientation parameters of a dimer of PBI molecules, in which the transition dipole moment of
each molecule is depicted by an orange arrow. α1 and α2 denote angles between the transition
dipole moment and the monomer-monomer centre-of-mass vector, and β is the angle between the
transition dipole moments of two associated molecules. c, Simulated low resolution spectra for PBI
dimers arranged with different orientations characterized by angles α1, α2 and β (= 60°), such that
α1 + α2 = 180°. Panel c is adapted from ref. 58.
The data presented in Figure 4.8c were simulated using β = 60°, which represents the relative
rotation of the transition dipole moments of two neighboring PBI molecules. Würthner’s laboratory
has shown that perpendicular arrangements (i.e., β = 90°) eliminate splitting of the absorption band
between 2 and 3 eV. Decreasing β leads to an increase in this splitting. The splitting in the spectra
of 11 (Figure 4.8a) indicate a non-perpendicular arrangement of neighboring molecules and is
qualitatively consistent with the 45° rotation proposed in the cogwheel model (Figures 4.7 and
4.12).
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4.2.10 Structure and Dynamics Studied by Solid State NMR

Figure 4.9. 13C Cross-Polarization Magic Angle Spinning (CP-MAS) solid state NMR studies. 13C
CP-MAS solid state NMR spectra of rac-11 in i, low order Φhk1 phase at 120 °C; ii, low order Φhk1
phase at 50 °C; iii, high order Φhk2 phase at 50 °C; iv, high order Φhk2 phase at 50 °C after annealing
the sample for 30 days at 23 °C. Green highlighted areas correspond to signals arising from the
PBI core. Yellow highlighted areas correspond to signals arising from the aliphatic chains at the
periphery of the structure. The broad aromatic peaks in the low order Φhk1 phase at high
temperature sharpen significantly upon cooling the Φhk1 phase, in the Φhk2 phase and,
unexpectedly, by allowing the Φhk2 phase to anneal at 23 °C for 30 days. This indicates that the
optimal molecular packing is very well defined for rac-11, and that even in the high order phase,
sufficient molecular fluctuations are present in order to refine and improve the supramolecular
structure of the crystal on very long time scales.
Solid state NMR experiments of assemblies of 11 support the structure determined by XRD
(Figures 4.9 to 4.11). The comparison of line width and signal intensities in two dimensional spectra
is very difficult and therefore the conformational and torsional regularity of rac-11 in the low order
and high order phases is easier to analyze using one dimensional
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13C

CP MAS spectra. In the low

order Φhk1 phase at high temperature (Figure 4.9i), all aromatic signals show very low signal
intensity and are strongly broadened due to liquid-like molecular fluctuations mediated by the
irregular packing of the PBI core (Figure 4.9i, ii), while all chemically distinct aliphatic and methoxy
sites are well resolved without any indication of conformational broadening. The corresponding
spectrum of the high order Φhk2 phase at this temperature cannot be recorded, since the conversion
into the low order phase is faster than the acquisition of a CP-MAS spectrum with sufficient signal
to noise ratio. Upon rapid cooling of the low order Φhk1 phase to ambient temperature (Figure 4.9ii),
the signals in the aromatic region narrow significantly, indicating reduced molecular fluctuations of
the PBI cores. The signals of the aliphatic side chains show a significant line broadening only for
some positions due to reduced conformational averaging at lower temperature. Most aliphatic sites
are still in fast conformational exchange in the low order Φhk1 phase at 50 °C.
When the high order Φhk2 phase of (R)-11 is prepared by thermal treatment as for Figure 4.2, the
NMR signals of the aromatic sites narrow down further in the CP-MAS spectrum recorded at 50 °C
(Figure 4.9iii), indicating more regular molecular packing. Moreover the aliphatic signals show
numerous additional features, resulting from well-defined conformational packing of the aliphatic
side chains. The –CH2O– and aliphatic chain signals indicate a liquid-like molecular motion in Φhk1
and almost perfect conformational order in Φhk2 that is unexpected for the short and branched
dimethyloctyl chains.59 After annealing the (R)-11 in the high order phase at ambient conditions for
more than 30 days, the packing of the PBI cores as well as the conformational arrangement of the
side chains is substantially improved. The narrowing of the individual line width leads to an
improved signal to noise ratio by almost a factor of 2 (Figure 4.9iv). This indicates that the optimal
molecular packing is very well defined for rac-11, and that even in the high order phase, sufficient
molecular fluctuations or excursions are present in order to refine and improve the supramolecular
structure of the material on very long time scales.
13C{1H}

heteronuclear Lee-Goldburg cross-polarization (LGCP) correlation spectra 60 were used to

obtain the spectral assignment for the NMR spectra in the solid state, and to probe spatial
proximities between 1H and

13C

sites in the local molecular packing arrangement (Figure 4.10).

Comparing the 2D correlation spectrum in the high (Figure 4.10a) and the low (Figure 4.10b) order
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phases of (R)-11, signals in the high order phase are found to be significantly narrower in both 1H
and

13C

dimensions. This line narrowing is attributed to a more regular packing arrangement and

less molecular fluctuation in the high order Φhk2 phase. Remarkably, correlations between the
protons of the linking methylene unit and aromatic sites of the PBI core and the outer phenyl ring,
which are clearly seen in the high order Φhk2 phase (red ellipse in Figure 4.10a), are not observed
for the low order Φhk1 phase (red ellipse in Figure 4.10b). This indicates a significantly higher
mobility of the aliphatic linker in the low order phase.

Figure 4.10. Excerpts of 13C{1H} heteronuclear Lee-Goldburg Cross-Polarization correlation
spectra60 of 11 recorded at 50 °C. a, High order Φhk2 phase of (R)-11. b, Low order Φhk1 phase of
(R)-11. c, f, Low order Φhk1 phase of rac-11. d, g, High order Φhk2 phase of rac-11. e, h, High order
Φhk2 phase of (R)-11. In a, b, red ellipses denote spatial contacts between methylene protons of
the –CH2– linker and aromatic sites of the PBI core; absence of these correlations in the low order
Φhk1 phase indicate higher mobility of the methylene linker in Φhk1 than in Φhk2.
Some deviation from the given X-ray structure is suggested from the 1H and

13C

NMR signals of

the linking methylene unit between the PBI core and the outer phenyl ring. This methylene unit
shows a non-uniform signal of the two protons. From the recorded 2D double-quantum (DQ)
correlation spectra we know that in all cases the two protons of the methylene unit are nonequivalent. In our molecular model, however, these two protons are in a straight line parallel to the
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plane of the PBI core, and thus should be equivalent. Moreover, the

13C

signal of the methylene

unit is split into two signals separated by more than 1 ppm (Figure 4.10c to 4.10e). A splitting of
this magnitude would be very weak for a conformational difference, but a minor distortion at the
linker by several degrees between the two favored arrangements is very likely. Such signal
broadening due to non-ideal bond angles are well established in conformational studies of
amorphous polymers (Table 2 and Figure 4 in ref. 61).
A similar behavior is found for the O-CH2 groups at the aliphatic side chains. In the low order Φhk1
phase, only the signals of the O-CH2 groups bonded at the meta (67 ppm) and para (71 ppm)
positions are resolved (Figure 4.10f). In the high order phase, the signal of the O-CH2 groups in the
para position splits into two signals, which may result from different torsional adjustments of the
structure at this position. Remarkably, this splitting does not depend on the enantiopurity of the
aliphatic side chains and the same splitting is observed for rac-11 and (R)-11 (Figure 4.10h). The
signals of O-CH2 groups in the meta position remain significantly broader than the signals of the
corresponding protons at the para position (Figure 4.10g, h) and show a much weaker splitting.
Remarkably, the splitting for protons at the meta and para positions do not show the same relative
intensity ratio, indicating a non-uniform torsional deviation from a pure crystalline structure. To
summarize, both rac-11 and (R)-11 show the same deviations on the molecular level from the ideal
crystalline packing. Moreover, the 1H-13C correlation spectra of rac-11 and (R)-11 in the high order
Φhk2 phase do not show any differences.
The uppermost three lines in Figure 4.11 display excerpts of CP-MAS solid state spectra showing
signals arising from the alkyl chains of 11, recorded in the high order Φhk2 phase at 50 °C after
annealing at 23 °C for 30 days (blue and red, (R)-11 and rac-11, respectively) and in the low order
Φhk1 phase at 130 °C (black, rac-11). An excerpt from the solution spectrum of rac-11 in CDCl3 at
23 °C is shown for comparison (green). Signals arising from the alkyl chains at 130 °C in the low
order Φhk1 phase (Figure 4.11, black) are significantly less well resolved than the corresponding
signals at 50 °C in the high order Φhk2 phase (red). This coalescence indicates rapid exchange of
the alkyl chain between various, stable torsional angles, leading to observation of a less well
resolved signal with a time-averaged chemical shift. This rapid exchange process is indicative of
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liquid-like mobility in the alkyl chains exhibit in the low order Φhk1 phase. In contrast, the spectrum
of the high order Φhk2 phase (Figure 4.11, blue and red) exhibits well resolved splitting, indicating
that the time-averaging of the positions of the alkyl chains does not occur and, therefore, the
motions of the alkyl chains are highly restricted. This lack of rapid exchange between stable
torsional positions of the alkyl chains implies that the alkyl chains have limited mobility and exhibit
crystal-like conformational order. Indeed, the observation of splitting in the spectra of the high order
Φhk2 phase indicates that the stable conformational order in both enantiopure (R)-11 and racemic
by synthesis rac-11 is close to perfect. The observed spectral resolution is indicative of high
conformational order as well as the conformational stability of the side chains on the ms time scale.

Figure 4.11. Excerpts of 13C NMR spectra showing signals arising from the alkyl chains of 11: blue,
13C CP-MAS solid state NMR spectrum of high order Φ k2 phase in (R)-11 at 50 °C after annealing
h
at 23 °C for 30 days; red, 13C CP-MAS solid state NMR spectrum of high order Φhk2 phase in rac11 at 50 °C after annealing at 23 °C for 30 days; black, 13C CP-MAS solid state NMR spectrum of
low order Φhk1 phase in rac-11 at 130 °C; green, 13C solution NMR spectrum of rac-11 at 23 °C in
CDCl3, with peak assignments. CP-MAS solid state spectra recorded at 25 kHz MAS.
There are subtle differences in the relative intensities of peaks in the spectra of the high order Φhk2
phase of (R)-11 and rac-11 (Figure 4.11, blue and red, respectively). These differences suggest
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slightly different conformational statistics in the two samples and may result from different local
mobilities of specific sites. In particular the methyl groups observed around 20 ppm show lower
signal intensity in the chiral (R)-11 than do the equivalent methyl groups in rac-11, which can be
attributed to different local mobility of the chain ends. In contrast, the signal of the chiral center and
the CH2 site next to it (observed around 38 ppm) are significantly more pronounced in the
enantiopure (R)-11, indicating a better defined and more stable conformational arrangement for the
chiral center in the enantiopure sample.
In conclusion, the solid state NMR presented in Figure 4.11 demonstrate the presence of a liquidlike, mobile alkyl chain region in the columns of the low order Φhk1 phase. Transition to the high
order Φhk2 phase proceeds with substantial ordering of the alkyl chains to generate a crystalline
alkyl region with high conformational order and low mobility.
4.2.11 Deracemization Driven by Formation of a Hexagonal Crystal
The proposed cogwheel model (Figure 4.12a) requires the helical packing of molecules with alkyl
chains parallel to the column axis and methyl groups pointed toward the center of the column.
Within each supramolecular column, the teeth (alkyl chains, Figure 4.12a, bottom right) are
hydrophobic while the grooves are more polar due to the ether linkages between the alkyl chains
and aromatic rings. During self-assembly, the columns seek to maximize the intercolumnar
electrostatic and hydrophobic interactions by vertically aligning the alkyl chains at the interface
between columns. Only packing with the same handedness columns simultaneously optimizes the
interactions with all neighbors by positioning the grooves of neighboring columns at the same height
(Figure 4.12b, c, e). The grooves of columns of the same handedness (Figure 4.12e, left) will
always align in all directions. In contrast, the grooves of columns of different handedness will align
in some instances (Figure 4.12e, center) but not in others (Figure 4.12e, right; see also Figure
4.12c). It is a requirement of Φhk2 that all columns have the same handedness, as there is only one
column in the crystallographic unit cell (Figure 4.12b). Aligning the grooves and teeth of adjacent
columns provide a mechanism through which only columns with the same handedness pack
together to form highly ordered crystals, even in fully racemized rac-11 (Figure 4.12d).
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Figure 4.12. Cogwheel model of self-assembly and its role in generating microdomains of singlehanded supramolecular columns. a, Schematic representation of a right-handed column produced
by (R)-11 from top and side views. The supramolecular column (left) can be considered as a
cogwheel (right). Conformation of a single molecule within the column is also shown. b, c,
Schematic packing of helical columns with b, single handedness and c, mixture of two
handednesses. Right- and left-handed helical columns are denoted in blue and orange,
respectively. The relative heights of the grooves at the interfaces between adjacent columns are
indicated as a fraction of column length (0, 1/3, 2/3). Grooves with matching and mismatching
interfacial heights are presented in green and red, respectively. In b, the unit cell of Φhk2 lattice
containing a single helical column is marked in brown. d, Columns of rac-11 packed in a righthanded crystal domain from top and side views. e, Schematic representations of the alignment of
the grooves of neighboring columns: (left) matching between columns of the same handedness;
(center) matching between columns of different handedness; (right) mismatching between columns
of different handedness. In d–e, blue and orange teeth represent chiral alkyl chains with different
chiralities.
Each unit cell of Φhk2 contains only one column (Figure 4.12b, brown area). Since the unit cell
repeats itself three-dimensionally across the entire crystal, this implies that every column in the
crystal must be identical with the same helical handedness to form a perfect hexagonal crystal. 21
This is true even for rac-11 and mix-11. The Φhk2 crystal of the racemic compounds show no CD
signal in thin film but exhibit signals in micro-spot CD experiments (Figures 4.4c and A4.2). These
micro-spot CD data, in combination with changes in contrast in the optical polarized micrographs
(Figure 4.4d, e) and the identical patterns and Φhk2 lattice symmetry evidenced by fiber XRD (Figure
4.5g, h), provide three complementary techniques that demonstrate that chiral self-sorting or
deracemization occurs at the supramolecular level during or after assembly of mix-11 and rac-11
to produce hexagonal crystals containing enantiopure domains of single-handed columns.
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4.3

Conclusions

The cogwheel columnar model from Figures 7 and 12 and its role in enabling deracemization in
supramolecular assemblies is demonstrated herein by three key complementary techniques:
variable temperature XRD of oriented fibers (Figures 4.5 and A4.5), micro-spot CD of thin films
(Figures 4.4c, A4.2 and A4.3) and optical polarized microscopy (Figure 4.4d, e), as well as a
diversity of other supporting techniques including solid state NMR (Figures 4.9 to 4.11), solution
CD (Figure 4.3), DSC (Figure 4.2), molecular modeling (Figure 4.6), IR (Figure A4.6) and UV
analysis (Figure 4.8). This cogwheel model provides a mechanism for perfect packing of singlehanded columns irrespective of the chirality of their molecular building blocks (Figure 4.12b), as
well as near-perfect packing for helical columns with different handednesses (Figure 4.12d). We
anticipate that the principle of matching the helical half-pitch with the length of the side chains will
give access to extended libraries of compounds with similar helical structures. This packing
mechanism yields a higher level of hexagonal crystal order in the assemblies of homochiral,
racemic, and irreversibly racemized building blocks than any homochiral biological or non-biological
single or double helix. The findings reported here challenge the established requirement that highly
ordered crystalline systems are achievable only with enantiopure building blocks, and hence
provide new access to high order assemblies of chiral PBIs, which have higher charge carrier
mobility than achiral counterparts.35 We therefore envisage that the cogwheel mechanism of selfassembly and self-organization described here will find practical applications in the design of
functions in complex materials.

4.4

Experimental Section

4.4.1

Materials

(S)-(+)-citronellyl bromide, (R)-(-)-citronellyl bromide, 3,7-dimethyl-1-octanol, PtO2, graphite and
LiAlH4 (all from Sigma-Aldrich), hydrazine hydrate, Zn(OAc)2.2H2O, quinoline (all from Acros), and
potassium carbonate (K2CO3) (from Alfa Aesar) were used as received. Tetrahydrofuran (THF)
(from Fisher, ACS reagent) was refluxed over sodium ketyl until the solution turned purple and
134

distilled before use. N,N-Dimethylformamide (DMF) and dichloromethane (CH2Cl2) (from Fisher)
were distilled over CaH2 and stored under nitrogen prior to use. EtOAc and EtOH (both from Fisher)
were used as received.
4.4.2

Techniques

Differential Scanning Calorimetry (DSC). Thermal transitions were determined on a TA Instruments
Q100 differential scanning calorimeter equipped with a refrigerated cooling system with 10 °C/min
and 1 °C/min heating and cooling rates. Indium was used as a calibration standard. The transition
temperatures were calculated as the maxima and minima of their endothermic and exothermic
peaks. An Olympus BX51 optical microscope (100× magnification) equipped with a Mettler FP82HT
hot stage and a Mettler Toledo FP90 Central Processor was used to verify thermal transitions.
Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) Mass Spectrometry.
MALDI-TOF mass spectrometry was performed on a PerSeptive Biosystems-Voyager-DE
(Framingham, MA) mass spectrometer equipped with a nitrogen laser (337 μm) operating in linear
mode. Internal calibration was performed using Angiotensin II and Bombesin as standards. The
analytical sample was obtained by mixing the THF solution of the sample (5–10 mg/ml) and THF
solution of the matrix (3,5-dimethoxy-4-hydroxy-trans-cinnamic acid, 10 mg/mL) in a 1:5 v/v ratio.
The mixture of two prepared solutions of the sample and of the matrix (0.5 μL) was loaded on the
MALDI-TOF plate and allowed to dry at 23 °C before the plate was inserted into the vacuum
chamber of the MALDI-TOF instrument. The laser steps and voltages applied were adjusted
depending on both the molecular weight and the nature of each analyzed compound.
Density Measurements. A small mass of sample (~0.5 mg) was placed in a vial filled with water
followed by ultrasonication to remove air bubbles embedded within the sample. The sample was
then sunken to the bottom of the vial due to its higher density compared with water. Saturated
aqueous potassium iodide solution (KI) was then added into the solution at ~0.1 mL per aliquot to
gradually increase the density of the solution. KI was added at an interval of at least 20 min to
ensure equilibrium within the solution. When the sample was suspended in the middle of the
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solution, the density of the sample was identical to that of the solution, which was measured by a
10 mL volumetric flask.
Circular dichroism (CD) Spectroscopy in Solution. Circular dichroism and UV-vis spectroscopy
measurements were carried out on a Jasco J-720 Spectropolarimeter. The temperature was
controlled by a Peltier temperature controller (Jasco PTC-423). Methylcyclohexane, cyclohexane
(both 99%, spectrophotometric grade, Aldrich) and 1-butanol (99.5%, spectrophotometric grade,
Aldrich) were used as solvents. Solution spectra were recorded in 10-mm quartz cuvettes stirred
at 1000 rpm with a small magnetic stirring bar and corrected by subtracting the spectrum of the
pure solvent at the same temperature. A scan rate of 100 nm/min with a response time of 1 s and
a bandwidth of 1 nm was used to measure the CD spectra, which were recorded in low sensitivity
mode between 800 and 200 nm (3 accumulations).
CD Spectroscopy in Thin Film. Thin film CD/UV experiments were conducted as follows. A 2% w/v
solution of 11 in n-butanol/methylcyclohexane (85:15 v/v) was prepared by heating 2 mg of sample
in 100 μL of solvent until dissolved. The hot solution was spin-coated on a round quartz plate (22
mm diameter) at 2500 rpm for 6 s and 7000 rpm for 30 s, using a Chemat Technology Spin Coater
KW-4A. The thin film was then annealed at 110 °C for 3 h and cooled to room temperature,
whereupon measurements were recorded. CD/UV spectra of thin films were recorded using the
same parameters as those used for solution experiments, and the spectra were corrected by
subtracting spectra of the quartz plate recorded before spin-coating. The presence of linear
dichroism was negated by recording CD spectra of the thin film at various rotations perpendicular
to the beam and ensuring that the CD spectra was the same, irrespective of rotation.
Micro-spot CD Experiments and Polarized Optical Microscope (POM) Observation. The thin film
samples for polarized optical microscopy and micro-spot CD experiments were prepared and
annealed by the same procedure as described for regular CD thin film measurements, using fusedsilica plates with a thickness of 0.2 mm, which were used for all measurements. Polarized optical
microscope images were collected from an OPTIPHOT-POL microscope (Nikon) with an exposure
time of 5 s. The birefringence of these films observed by polarized microscopy was confirmed to
be negligibly small by comparison of the blue-gray color of the films with a Michel-Lévy chart.
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Indeed, a long exposure time (5 s) was required for POM measurements due to the low
birefringence of the sample. Hence birefringence did not interfere with the observation of changes
in brightness due to the presence of optically segregated domains. The model of the CD
spectrometer is J-720WI (with ORD option from JASCO). The micro-spot CD measurements were
performed with a focal reducing optics equipped with a pair of reflective objective lenses to reduce
undesirable optical aberration and give a wider range of measurement from the near-UV to visible
wavelengths. The function of the first lens was for focusing, and the outcoming light was collected
by the second lens. Ultrathin LC cells with a thickness of less than 1 μm of fused-silica substrate
were used to obtain the correct spectral shape. The absorbance at the target optical region was
measured to be < 2 optical density (OD) to avoid the saturation effect created by strong absorption
of the bulk material. A pinhole mask was used for sample positioning. The pinhole mask was made
of a black paper sheet with a small pinhole and was placed on the LC cell. The masked sample cell
was put in the beam path of the CD spectrometer and was settled on an XY translation stage. In
the present case, the pinhole size was larger than the target domain and the CD signal was weak,
so several sample positions were tested to give the maximum CD signal intensity. The CD spectra
were collected using a single scan with a rate of 100 nm/min.
X-ray Diffraction (XRD). X-ray diffraction measurements were performed using Cu-Kα1 radiation
( = 1.542 Å) on a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a 0.2 × 0.2
mm2 filament, operated at 3.4 kW and generating a highly collimated 0.3 × 0.4 mm2 spot on a
Bruker-AXS Hi-Star multiwire area detector. To minimize attenuation and background scattering,
an integral vacuum was maintained along the length of the flight tube and within the sample
chamber.

Samples were held in quartz capillaries (0.7–1.0 mm in diameter), mounted in a

temperature-controlled oven (temperature precision: ±0.1 °C, temperature range from –120 °C to
270 °C).
Preparation of aligned fibers for XRD. Aligned samples for fiber XRD experiments were prepared
using a custom-made extrusion device.41 The powdered sample (~10 mg) was placed inside the
extrusion device and the fiber was extruded in the as prepared state (Φhk1 phase) at room
temperature without any heat treatment. Typically, the aligned fiber samples have a thickness of
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0.3–0.7 mm and a length of 3–7 mm. All XRD measurements were done with the aligned sample
axis perpendicular to the beam direction.
Solid State NMR Spectroscopy. Variable temperature

13C{1H}

Cross-Polarization-Magic Angle

Spinning (CP-MAS) NMR spectra (Figure 4.9) were recorded with a Bruker Avance III console
operating at 700.23 MHz 1H Larmor frequency (176.1 MHz

13C

Larmor frequency) using a

commercial double resonance probe supporting zirconia rotors with 2.5mm outer diameter.
Measurements were performed at 25 kHz MAS spinning frequency using a CP contact time of
1 ms. An rf nutation frequency of 100 kHz was used on both the 1H and

13C

channels, as well as

for 1H heteronuclear decoupling during acquisition using the SPINAL64 scheme. The given
temperatures have been corrected for known deviations due to frictional heating under fast spinning
conditions based on the temperature dependent chemical shift of lead nitrate. In order to compare
the temperature dependence of the CP-MAS signal intensities, spectra with 5120 transients and
identical experimental parameters were recorded in the temperature range from 40 to 100 °C. 2D
13C{1H}

heteronuclear Lee-Goldburg Cross-Polarization (LGCP) correlation experiments (Figure

4.10) were recorded at 18 kHz MAS and 850 MHz 1H Larmor frequency using an LGCP contact
time of 0.2 ms and 102 kHz FSLG multi pulse decoupling for line narrowing in the 1H dimension.
Software for X-ray Diffraction (XRD) Experimental Data Analysis, Modeling and Simulation. XRD
peaks position and intensity analysis was performed using Datasqueeze Software (version 2.1)
that allows background elimination and Gaussian, Lorentzian, Lorentzian squared, or Voigt peakshape fitting. Molecular modeling calculations were done using the Materials Studio Modeling
version 3.1 software from Accelrys. The package Discover module was used to perform the energy
minimizations on the supramolecular structures with the following settings: PCFF or COMPASS
force fields and Fletcher-Reeves algorithm for the conjugate gradient method. Cerius2 package
(version 4.8.1) was used for fiber XRD simulations.
Polarized Infrared (IR) Spectroscopy. Polarized IR spectra of the racemic by synthesis compound
rac-11 were recorded with a Nicolet 6700 FTIR spectrophotometer from Thermo Scientific. The
thin film sample was prepared from a 0.5 wt% solution in chloroform and sheared (aligned) at room
temperature on a KBr window. The sample was then annealed at 110 C for 4 h to generate the
138

Φhk2 crystal phase. The sample was then viewed under a polarized microscope with a -plate
compensator; the color showed that the slow axis was normal to the shear direction and hence the
columns, having negative birefringence, were aligned parallel to the shear direction. IR spectra
were recorded at 23 °C with the polarizer at 0 (parallel to the shear direction) and at 30, 45, 60
and 90 (normal to shear direction).
4.4.3

Synthesis

The purity of the products was determined by a combination of thin-layer chromatography (TLC)
on silica gel-coated aluminum plates (with F254 indicator; layer thickness, 200 μm; particle size, 2–
25 μm; pore size 60 Å, Sigma-Aldrich) and high pressure liquid chromatography (HPLC) using THF
as mobile phase at 1 mL/min, on a Shimadzu LC-10AT high pressure liquid chromatograph
equipped with a Perkin Elmer LC-100 oven (40 ºC), containing two Perkin-Elmer PL gel columns
of 5 × 102 Å and 1 × 104 Å, a Shimadzu SPD-10A UV detector (λ = 254 nm), a Shimadzu RID-10A
RI-detector, and a PE Nelson Analytical 900 Series integrator data station. 1H NMR (500 MHz) and
13C

NMR (125 MHz) spectra were recorded on a Bruker DRX 500 instrument.

General Procedure for the Hydrogenation of Citronellyl Bromides. These compounds were
synthesized according to a literature procedure.62 To a solution of citronellyl bromide (1.11g, 5.06
mmol) in EtOAc (8.0 mL) was added PtO2 (35 mg, 0.152 mmol). The reaction mixture was bubbled
with hydrogen for 1 h followed by stirring under hydrogen atmosphere at room temperature (23 ºC)
for 3 days. The solvent was evaporated under reduced pressure and the resulting crude product
was diluted with hexane and then filtered through a Celite plug to remove the catalyst. The catalyst
was washed with hexane and the combined hexane fractions were passed through a pad of silica
gel. The solvent was evaporated to give the product as a colorless liquid.
2-(3,4,5-Trihydroxybenzyl)isoindoline-1,3-dione (1) was synthesized according to a procedure
elaborated by Percec’s laboratory.42

(S)-3,7-Dimethyloctyl bromide (5).62,63 Following the general procedure using (S)-(+)-citronellyl
bromide (2) yielded 0.95 g (85%) of 5. 1H NMR (500 MHz, CDCl3) δ (ppm) 0.94–0.84 (m, 9H, CH3),
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1.20–1.06 (m, 3H), 1.35–1.22 (m, 3H), 1.57–1.48 (m, 1H), 1.72–1.59 (m, 2H), 1.94–1.82 (m, 1H),
3.51–3.36 (m, 2H, CH2Br).

13C

NMR (126 MHz, CDCl3) δ (ppm) 19.1, 22.7, 22.8, 24.7, 28.1, 31.8,

32.4, 36.9, 39.3, 40.2.

(R)-3,7-Dimethyloctyl bromide (6).62 Following the general procedure using (R)-(-)-citronellyl
bromide (3) yielded 1.08 g (93%) of 6. 1H NMR (500 MHz, CDCl3) δ (ppm) 1.03–0.79 (m, 9H, CH3),
1.23–1.07 (m, 3H), 1.40–1.23 (m, 3H), 1.59–1.48 (m, 1H), 1.78–1.59 (m, 2H), 1.99–1.83 (m, 1H),
3.62–3.30 (m, 2H, CH2Br).

13C

NMR (126 MHz, CDCl3) δ (ppm) 19.1, 22.7, 22.8, 24.7, 28.1, 31.8,

32.4, 36.9, 39.3, 40.2.

(rac)-3,7-Dimethyloctyl bromide (7).62 Into a solution of 48% HBr (25 mL) and concentrated
H2SO4 (14 mL) was added 3,7-dimethyloctanol (4) (25.0 g, 158 mmol). The reaction mixture was
stirred at 120 oC for 6 h. The reaction mixture was cooled to room temperature and extracted with
hexane. The combined hexane fractions were washed with water and brine, dried over MgSO4,
filtered and the solvent evaporated under reduced pressure. The crude product was distilled under
reduced pressure to give a colorless liquid. Yield: 33.0 g (95%). 1H NMR (500 MHz, CDCl3) δ (ppm)
0.93–0.82 (m, 9H, CH3), 1.19–1.09 (m, 3H), 1.35–1.22 (m, 3H), 1.57–1.48 (m, 1H), 1.73–1.58 (m,
2H), 1.93–1.82 (m, 1H), 3.50–3.34 (m, 2H, CH2Br). 13C NMR (126 MHz, CDCl3) δ (ppm) 19.1, 22.7,
22.8, 24.7, 28.1, 31.8, 32.2, 36.9, 39.3, 40.2.

2-(3,4,5-tris(((S)-3,7-dimethyloctyl)oxy)benzyl)isoindoline-1,3-dione, (S)-8. To a suspension of
K2CO3

(0.89

g,

6.44

mmol)

in

degassed

DMF

(8.0

mL),

were

added

2-(3,4,5-

trihydroxybenzyl)isoindoline-1,3-dione (1) (0.41 g, 1.43 mmol), and (S)-3,7-dimethyloctyl bromide
(5) (0.95 g, 4.30 mmol). The reaction mixture was allowed to stir at 70 oC under nitrogen
atmosphere for 12 h. The reaction was cooled to room temperature and extracted with EtOAc three
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times. The combined organics were washed with water and brine, dried over MgSO4, filtered and
the solvent evaporated under reduced pressure. The crude product was passed through a column
of basic Al2O3 using CH2Cl2 as eluent. The mixture was concentrated and purified by column
chromatography (SiO2, 0–5% EtOAc:hexane) to give (S)-8 as a colorless oil. Yield: 0.63 g (62%).
1H

NMR (500 MHz, CDCl3) δ (ppm) 0.88–0.82 (m, 18H, CH3), 0.89 (d, J = 6.6, 3H, CH3), 0.92 (d, J

= 6.6, 6H, CH3), 1.19–1.08 (m, 9H), 1.36–1.22 (m, 9H), 1.57–1.44 (m, 6H), 1.72–1.63 (m, 3H),
1.86–1.76 (m, 3H), 3.96–3.86 (m, 2H, 2ArOCH2-4 position), 4.04–3.96 (m, 4H, 2ArOCH2-3,5
position), 4.73 (s, 2H, CH2NPhth), 6.67 (s, 2H, 2ArH), 7.75–7.66 (m, 2H, Phth-H), 7.90–7.81 (m,
2H, Phth-H). 13C NMR (126 MHz, CDCl3) δ (ppm) 19.7 (CH3), 22.8 (CH3), 22.9 (CH3), 24.84, 24.88,
28.1, 29.9, 30.0, 36.6, 37.5, 37.6, 37.7, 39.4, 39.5, 42.1 (CH2N), 67.5 (ArOCH2-3,5 position), 71.8
(ArOCH2-4 position), 123.5 (Phth-C), 107.6 (ArC-2,6), 131.6 (Phth-C), 132.3 (Phth-C), 134.1 (ArC1), 138.0 (ArC-4), 153.3 (ArC-3,5), 168.2 (C=O). MALDI-TOF (m/z): [M+H]+ calcd for C45H72NO5,
707.06; found 706.07.

2-(3,4,5-tris(((R)-3,7-dimethyloctyl)oxy)benzyl)isoindoline-1,3-dione, (R)-8. To a suspension
of K2CO3 (0.89 g, 6.44 mmol) in degassed DMF (10.0 mL), were added 2-(3,4,5trihydroxybenzyl)isoindoline-1,3-dione (1) (0.41 g, 1.43 mmol), and (R)-3,7-dimethyloctyl bromide
(6) (0.95 g, 4.30 mmol). The reaction mixture was allowed to stir at 70 oC under nitrogen
atmosphere for 12 h. The reaction was cooled to room temperature and extracted with EtOAc three
times. The combined organics were washed with water and brine, dried over MgSO 4, filtered and
the solvent evaporated under reduced pressure. The crude product was passed through a column
of basic Al2O3 using CH2Cl2 as eluent. The mixture was concentrated and purified by column
chromatography (SiO2, 0–5% EtOAc:hexane) to give (R)-8 as a colorless oil. Yield: 0.65 g (64%).
1H

NMR (500 MHz, CDCl3) δ (ppm) 0.91–0.84 (m, 21H, CH3), 0.92 (d, J = 6.6, 6H, CH3), 1.19–1.09

(m, 9H), 1.39–1.20 (m, 9H), 1.60–1.47 (m, 6H), 1.74–1.63 (m, 3H), 1.89–1.76 (m, 3H), 4.05–3.86
(m, 6H, 3ArOCH2), 4.73 (s, 2H, CH2NPhth), 6.67 (s, 2H, 2ArH), 7.76–7.67 (m, 2H, Phth-H), 7.91–
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7.81 (m, 2H, Phth-H).

13C

NMR (126 MHz, CDCl3) δ (ppm) 19.7 (CH3), 22.8 (CH3), 22.9 (CH3),

24.84, 24.88, 28.1, 29.86, 29.94, 36.6, 37.47, 37.54, 37.7, 39.4, 39.5, 42.1 (CH2N), 67.5 (ArOCH23,5 position), 71.8 (ArOCH2-4 position), 107.6 (ArC-2,6), 123.5 (Phth-C), 131.6 (Phth-C), 132.3
(Phth-C), 134.1 (ArC-1), 138.0 (ArC-4), 153.3 (ArC-3,5), 168.2 (C=O). MALDI-TOF (m/z): [M+Na]+
calcd for C45H71NNaO5, 729.04; found 729.82.

(2-(3,4,5-tris(((rac)-3,7-dimethyloctyl)oxy)benzyl)isoindoline-1,3-dione,

rac-8.

To

a

suspension of K2CO3 (2.18 g, 15.8 mmol) in degassed DMF (20.0 mL), were added 2-(3,4,5trihydroxybenzyl)isoindoline-1,3-dione (1) (1.00 g, 3.51 mmol), and (rac)-3,7-dimethyloctyl bromide
(7) (2.40 g, 10.9 mmol). The reaction mixture was allowed to stir at 70 oC under nitrogen
atmosphere for 12 h. The reaction was cooled to room temperature and extracted with EtOAc three
times. The combined organics were washed with water and brine, dried over MgSO4, filtered and
the solvent evaporated under reduced pressure. The crude product was passed through a column
of basic Al2O3 using CH2Cl2 as eluent. The mixture was concentrated and purified by column
chromatography (SiO2, 0–5% EtOAc:hexane) to give rac-8 as a colorless oil. Yield: 2.19 g (88%).
1H

NMR (500 MHz, CDCl3) δ (ppm) 0.85 (t, J = 6.2, 18H, CH3), 0.89 (d, J = 6.6, 3H, CH3), 0.92

(overlapped d, J = 6.6, 0.9, 6H, CH3), 1.19–1.08 (m, 9H), 1.37–1.21 (m, 9H), 1.68 (s, 3H), 1.60–
1.46 (m, 6H), 1.86–1.75 (m, 3H), 4.04–3.86 (m, 6H, 3ArOCH2), 4.73 (s, 2H, CH2NPhth), 6.67 (s,
2H, 2ArH), 7.75–7.66 (m, 2H, Phth-H), 7.89–7.80 (m, 2H, Phth-H).

13C

NMR (126 MHz, CDCl3) δ

(ppm) 19.7 (CH3), 19.8 (CH3), 22.75 (CH3), 22.86 (CH3), 24.84, 24.87, 28.1, 29.9, 30.0, 36.6, 37.47,
37.51, 37.54, 37.7, 39.4, 39.5, 42.1 (CH2N), 67.5 (ArOCH2-3,5 position), 71.8 (ArOCH2-4 position),
107.6 (ArC-2,6), 123.5 (Phth-C), 131.6 (Phth-C), 132.3 (Phth-C), 134.1 (ArC-1), 138.0 (ArC-4),
153.3 (ArC-3,5), 168.2 (C=O). MALDI-TOF (m/z): [M+H]+ calcd for C45H72NO5, 707.06; found
706.47.
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3,4,5-tris((S)-3,7-dimethyloctyl-1-oxy)benzylamine, (S)-9. Into a solution of (S)-8 (0.53 g, 0.751
mmol) in absolute EtOH (15 mL), was added 64% hydrazine hydrate (0.36 mL, 7.51 mmol) under
nitrogen atmosphere and the solution refluxed for 12 h. The reaction mixture was allowed to cool
to room temperature. The white precipitate was removed by filtration and washed with Et2O. The
solvent was evaporated to give (S)-9 as a pale yellow liquid (0.33 g, 73 %). The product was used
in the next step without purification. 1H NMR (500 MHz, CDCl3) δ (ppm) 0.87 (overlapped d, 18H,
CH3), 0.93 (overlapped d, 9H, CH3), 1.19–1.11 (m, 9H), 1.37–1.26 (m, 9H), 1.63–1.48 (m, 6H),
1.73–1.66 (m, 3H), 1.89–1.79 (m, 3H), 3.79 (s, 2H, CH2NH2), 4.05–3.90 (m, 6H, 3ArOCH2), 6.52
(s, 2H, 2ArH).13C NMR (126 MHz, CDCl3) δ (ppm) 19.8 (CH3), 22.75 (CH3), 22.86 (CH3), 24.87,
24.89, 28.1, 29.9, 30.0, 36.7, 37.5, 37.7, 39.45, 39.54, 47.0 (CH2N), 67.6 (ArOCH2-3,5 position),
71.8 (ArOCH2-4 position), 105.6 (ArC-2,6), 137.2 (ArC-1), 138.7 (ArC-4), 153.4 (ArC-3,5). MALDITOF (m/z): [M+Na]+ calcd for C37H69NNaO3, 598.94; found 599.97.

3,4,5-tris((R)-3,7-dimethyloctyl-1-oxy)benzylamine, (R)-9. Into a solution of (R)-8 (2.00 g, 2.83
mmol) in absolute EtOH (60 mL), was added 64% hydrazine hydrate (1.37 mL, 28.3 mmol) under
nitrogen atmosphere and the solution refluxed for 12 h. The reaction mixture was allowed to cool
to room temperature. The white precipitate was removed by filtration and washed with Et2O. The
solvent was evaporated to give (R)-9 as a pale yellow liquid (1.59 g, 98 %). The product was used
in the next step without purification. 1H NMR (500 MHz, CDCl3) δ (ppm) 0.99–0.85 (m, 27H, CH3),
1.23–1.11 (m, 9H), 1.39–1.24 (m, 9H), 1.64–1.47 (m, 6H), 1.77–1.67 (m, 3H), 1.93–1.79 (m, 3H),
3.79 (s, 2H, CH2NH2), 4.10–3.90 (m, 6H, 3ArOCH2), 6.52 (s, 2H, 2ArH). 13C NMR (126 MHz, CDCl3)
δ (ppm) 19.8 (CH3), 22.75 (CH3), 22.86 (CH3), 24.90, 28.1, 29.9, 30.0, 36.6, 37.5, 37.7, 39.45,
39.54, 46.9 (CH2N), 67.6 (ArOCH2-3,5 position), 71.8 (ArOCH2-4 position), 105.6 (ArC-2,6), 137.2
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(ArC-1), 138.7 (ArC-4), 153.4 (ArC-3,5). MALDI-TOF (m/z): [M+Na]+ calcd for C37H69NNaO3,
598.94; found 599.73.

O
O
H 2N

O

3,4,5-tris((rac)-3,7-dimethyloctyl-1-oxy)benzylamine, rac-9. Into a solution of rac-8 (1.70 g, 2.41
mmol) in absolute EtOH (35 mL), was added 64% hydrazine hydrate (1.16 mL, 24.1 mmol) under
nitrogen atmosphere and the solution was refluxed for 12 h. The reaction mixture was allowed to
cool to room temperature. The white precipitate was removed by filtration and washed with Et 2O.
The solvent was evaporated to give rac-9 as a pale yellow liquid (1.38 g, 99 %). The product was
used in the next step without purification. 1H NMR (500 MHz, CDCl3) δ (ppm) 0.87 (overlapped d,
18H, CH3), 0.95–0.90 (m, 9H, CH3), 1.20–1.10 (m, 9H), 1.38–1.24 (m, 9H), 1.64–1.48 (m, 6H),
1.74–1.65 (m, 3H), 1.89–1.78 (m, 3H), 3.79 (s, 2H, CH2NH2), 4.06–3.90 (m, 6H, 3ArOCH2), 6.52
(s, 2H, 2ArH).

13C

NMR (126 MHz, CDCl3) δ (ppm) 19.75 (CH3), 19.79 (CH3), 22.75 (CH3), 22.77

(CH3), 22.9 (CH3), 24.9, 28.1, 29.9, 30.0, 36.6, 37.50, 37.52, 37.7, 39.4, 39.5, 46.9 (CH2N), 67.6
(ArOCH2-3,5 position), 71.8 (ArOCH2-4 position), 105.6 (ArC-2,6), 137.2 (ArC-1), 138.7 (ArC-4),
153.4 (ArC-3,5). MALDI-TOF (m/z): [M+Na]+ calcd for C37H69NNaO3, 598.94; found 599.58.
(S)-11. A mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (10) (0.10 g, 0.25 mmol), (S)-9
(0.30 g, 0.52 mmol), and Zn(OAc)2.2H2O (0.06 g, 0.25 mmol) in quinoline (3.0 mL) was heated at
180 oC for 12 h under nitrogen atmosphere. The reaction mixture was allowed to cool to room
temperature whereupon it was poured into 1M HCl. The red precipitate was collected by filtration
and washed with water and MeOH. The crude product was purified by column chromatography
(SiO2, CH2Cl2) followed by precipitation into MeOH from concentrated CH 2Cl2 solution to afford (S)11 as a red solid. Yield: 0.31 g (82%). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3) δ (ppm)
0.84 (overlapped d, 36H, CH3), 0.88 (d, J = 6.6, 6H, CH3), 0.95 (d, J = 6.6, 12H, CH3), 1.19–1.07
(m, 18H), 1.38–1.21 (m, 18H), 1.55–1.45 (m, 8H), 1.64–1.58 (m, 4H), 1.76–1.65 (m, 6H), 1.91–
1.77 (m, 6H), 4.01–3.86 (m, 4H, 2ArOCH2-4 position), 4.12–4.03 (m, 8H, 4ArOCH2-3,5 position),
5.28 (s, 4H, 2CH2NH2), 6.89 (s, 4H, 4ArH), 8.14 (d, J = 6.8, 4H, perylene-H), 8.39 (d, J = 7.8, 4H,
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perylene-H). 13C NMR (126 MHz, CDCl3) δ (ppm) 19.7 (CH3), 19.8 (CH3), 22.75, 22.83, 22.86, 24.8,
24.9, 28.10, 28.14, 29.9, 30.0, 36.7, 37.5, 37.6, 37.7, 39.45, 39.49, 44.0 (ArCH2N), 67.7 (ArOCH23,5 position), 71.8 (ArOCH2-4 position), 108.5 (ArC-2), the signals at 122.9, 123.2, 126.0, 129.0,
131.4, and 132.3 correspond to perylene carbons, 134.3 (ArC-1), 138.1 (ArC-4), 153.2 (ArC-3),
163.2 (C=O). MALDI-TOF (m/z): [M+Na]+ calcd for C98H142N2NaO10, 1531.17; found 1529.85.
(R)-11. A mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (10) (0.10 g, 0.25 mmol), (R)-9
(0.30 g, 0.52 mmol), and Zn(OAc)2.2H2O (0.06 g, 0.25 mmol) in quinoline (3.0 mL) was heated at
180 oC for 12 h under nitrogen atmosphere. The reaction mixture was allowed to cool to room
temperature and was poured into 1M HCl. The red precipitate was collected by filtration and
washed with water and MeOH. The crude product was purified by column chromatography (SiO 2,
CH2Cl2) followed by precipitation into MeOH from concentrated CH2Cl2 solution to afford (R)-11 as
a red solid. Yield: 0.29 g (76 %). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3) δ (ppm) 0.92–
0.80 (m, 42H, CH3), 0.94 (d, J = 6.6, 12H, CH3), 1.20–1.07 (m, 18H), 1.36–1.22 (m, 18H), 1.55–
1.44 (m, 8H), 1.62–1.55 (m, 4H), 1.75–1.65 (m, 6H), 1.90–1.77 (m, 6H), 4.00–3.86 (m, 4H,
2ArOCH2-4 position), 4.12–4.01 (m, 8H, 4ArOCH2-3,5 position), 5.29 (s, 4H, 2CH2NH2), 6.87 (s,
4H, 4ArH), 8.34 (d, J = 7.8, 4H, perylene-H), 8.52 (d, J = 7.9, 4H, perylene-H). 13C NMR (126 MHz,
CDCl3) δ (ppm) 19.7 (CH3), 19.8 (CH3), 22.75, 22.84, 22.86, 24.8, 24.9, 28.11, 28.14, 29.9, 30.0,
36.6, 37.5, 37.6, 37.7, 39.45, 39.50, 44.1 (ArCH2N), 67.6 (ArOCH2-3,5 position), 71.8 (ArOCH2-4
position), 108.5 (ArC-2), the signals at 123.1, 123.4, 126.3, 129.3, 131.6, and 132.3 correspond to
perylene carbons, 134.6 (ArC-1), 138.1 (ArC-4), 153.2 (ArC-3), 163.3 (C=O). MALDI-TOF (m/z):
[M+Na]+ calcd for C98H142N2NaO10, 1531.17; found 1530.73.
rac-11. A mixture of perylene-3,4,9,10-tetracarboxylic dianhydride (10) (0.20 g, 0.51 mmol), rac-9
(0.60 g, 1.04 mmol), and Zn(OAc)2.2H2O (0.11 g, 0.51 mmol) in quinoline (6.0 mL) was heated at
180 oC for 12 h under nitrogen atmosphere. The reaction mixture was allowed to cool to room
temperature and was poured into 1M HCl. The red precipitate was collected by filtration and
washed with water and MeOH. The crude product was purified by column chromatography (SiO 2,
CH2Cl2) followed by precipitation in MeOH from concentrated CH 2Cl2 solution to afford rac-11 as a
red solid. Yield: 0.59 g (77 %). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3) δ (ppm) 0.84
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(overlapped d, 36H, CH3), 0.88 (d, J = 6.6, 6H, CH3), 0.94 (d, J = 6.6, 12H, CH3), 1.19–1.07 (m,
18H), 1.37–1.20 (m, 18H), 1.54–1.44 (m, 8H), 1.63–1.57 (m, 4H), 1.75–1.64 (m, 6H), 1.90–1.76
(m, 6H), 3.99–3.89 (m, 4H, 2ArOCH2-4 position), 4.13–4.00 (m, 8H, 4ArOCH2-3,5 position), 5.29
(s, 4H, 2CH2NH2), 6.88 (s, 4H, 4ArH), 8.24 (br. s, 4H, perylene-H), 8.45 (s, 4H, perylene-H).

13C

NMR (126 MHz, CDCl3) δ (ppm) 19.73 (CH3), 19.76 (CH3), 19.79 (CH3), 22.75, 22.83, 22.86, 24.8,
24.9, 28.10, 28.14, 29.9, 30.0, 36.7, 37.51, 37.56, 37.59, 37.7, 39.45, 39.50, 44.0 (ArCH2N), 67.7
(ArOCH2-3,5 position), 71.8 (ArOCH2-4 position), 108.5 (ArC-2), the signals at 123.0, 123.3, 126.2,
129.1, 131.5, and 132.3 correspond to perylene carbons, 134.4 (ArC-1), 138.1 (ArC-4), 153.2 (ArC3), 163.3 (C=O). MALDI-TOF (m/z): [M+Na]+ calcd for C98H142N2NaO10, 1531.17; found 1529.94.
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APPENDIX TO CHAPTER 4
A4.1

Selection of Solvent for CD and UV-vis Studies

The helical supramolecular polymerization of 11 was studied by circular dichroism (CD) and UVvis absorption spectroscopy in solution and in thin film. In the first instance cyclohexane and
subsequently methylcyclohexane (MCH) were used as solvents for solution studies, since they are
the solvents typically used to study the self-assembly of dendronized PBIs.52,64–67 Temperaturedependent CD/UV-vis spectra were recorded at several concentrations of (S)-11. At a
concentration of 5.0 × 10–4 M in MCH, weak Cotton effects were observed by CD. However, the
high UV-vis absorbance of the solution precluded accurate quantitative analysis of the CD data.
Decreasing the concentration of the solution to 3.2 × 10–5 M maintained the significant temperature
dependence of the UV-vis absorbance but eliminated the Cotton effects that had been observable
at higher concentration.
The absence of a Cotton effect demonstrates that these chiral PBI dendrimers do not form chiral
enantiopure helical assemblies under these conditions of solvent and concentration, and suggests
that the temperature-dependent changes in the UV-vis absorption spectra are due to the formation
of short disordered stacks rather than single-handed helices. The variable-temperature UV-vis
spectra obtained for (S)-11 in MCH are very similar to the spectra of the corresponding achiral PBI
derivatives reported before.52 By analogy, we can infer that the self-assembly of both chiral and
achiral PBI derivatives is limited to dimers or short disordered stacks in this solvent, and that they
do not form extended supramolecular polymers as assumed previously.
The self-assembly of chiral PBI was then investigated in other solvents to identify a solvent that
promotes the formation of helical supramolecular columns. When self-assembling PBIs are chiral,
the stereogenic center can select the helical sense of the supramolecular polymerization. The
selective formation of columns of single helicity results in bisignated Cotton effects due to the
transfer and amplification of chirality from the stereogenic center to the aromatic core of the
supramolecular structure, which allows the study of the supramolecular polymerization by a
combination CD and UV-vis spectroscopy.31,68 In the case of (S)-11 and (R)-11, n-butanol (BuOH)
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was found to promote self-assembly of the dendrimers into helical columns of single handedness,
as attested by the emergence of intense Cotton effects upon cooling. However, the limited solubility
of 11 in this solvent and the precipitation of the samples upon cooling could potentially interfere
with the CD measurements. A mixture of BuOH/MCH (85:15 v/v) was found to provide the best
balance between self-assembly properties and solubility, and was used in subsequent CD/UV-vis
solution experiments (Figure 4.3).

Figure A4.1. a, CD spectra of thin films of (S)-11 (blue) and (R)-11 (red) in the Φhk2 phase, prepared
from solutions in nBuOH/MCH (85:15) (left) and chloroform (right), collected at 23 °C after
annealing at 110 °C for 3 h. Spectra were normalized to give a maximum ellipticity of ±1.0. b, CD
spectra of the same thin film of (S)-11 prepared from chloroform (shown in a) at relative rotations
of 0°, 90°, 180° and 270°. The rotation-invariant spectrum verifies the absence of significant linear
dichroism in the thin film.
The preparation of thin films requires the dissolution of the compound of interest in a relatively small
volume of solvent.

The relatively low solubility of 11 in BuOH/MCH (85:15 v/v) prompted

investigation of alternative solvents for the preparation of solutions to be spin-cast as thin films.
Chloroform, in which 11 is readily soluble at room temperature, is commonly used in the preparation
of thin films for CD experiments.
Figure A4.1a shows CD spectra of thin films of the Φhk2 phases of enantiopure (S)- and (R)-11
prepared from solutions in MCH/nBuOH (85:15) (left) and chloroform (right). Linear dichroism was
verified to be negligibly small in all thin films by recording CD spectra at relative rotations of 0°, 90°,
180° and 270° (Figure A4.1b). As expected, the enantiomers give mirror image spectra irrespective
of solvent (Figure A4.1a). However, changing the solvent changes the sign of the ellipticity
observed in the thin films and, therefore, the handedness of the supramolecular columns formed
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by molecules of 11. Inversion of chirality in solution is known in the literature. Suginome and
colleagues have previously demonstrated a strong solvent dependence of the handedness of
covalent helical poly(quinozaline-2,3-diyl)s in solution.69 Chloroform and 1,1,2-trichloroethane
solutions gave, respectively, P- and M-helices, which exhibited mirror image CD spectra. Solvent
dependence of the chirality of supramolecular helical polymers has been demonstrated in solutions
of chiral deuterated benzene-1,3,5-tricarboxamides by Meijer and coworkers.70 Other examples are
cited in these two publications.

A4.2

Determination of Mechanism of Helical Supramolecular Polymerization

The self-assembly of helical supramolecular polymers typically follows either an isodesmic
mechanism or a cooperative nucleation-elongation mechanism. In the isodesmic mechanism the
growth of the supramolecular polymer is independent of the degree of polymerization: each
monomer addition to the growing chain occurs with an identical association constant regardless of
the length of the polymer. In contrast, the cooperative mechanism consists of two distinct stages in
the self-assembly process: formation of a nucleus, followed by growth of the supramolecular chain.
The first stage, called nucleation or activation, is characterized by an association constant Ka, while
the elongation (or growth) stage follows a constant Ke, with Ke > Ka. While most studies of the selfassembly of various PBI derivatives substituted at the imide or at the bay positions reported an
isodesmic mechanism,35,50,52,53,64,65,71–73 more recent investigations determined a cooperative
nucleation-elongation mechanism for the supramolecular polymerization of PBI derivatives. 66,74–77
While it has been claimed that the cooperativity might be due to hydrogen-bonding interactions or
twisted perylene cores, this is not always the case, and literature data do not permit prediction of
the mechanism of self-assembly of a PBI derivative based on its chemical structure. This apparent
discrepancy highlights the need for accurate methods to determine the mechanism of
supramolecular polymerization; some early reports might have misinterpreted a weakly cooperative
mechanism as an isodesmic self-assembly.
Schenning, Meijer and coworkers recently developed a method to distinguish between isodesmic
and cooperative mechanisms based on variable-temperature CD or UV-vis experiments.52 This
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method requires following the UV-vis or the CD response at a specific wavelength upon cooling or
heating and converting it into the degree of aggregation (Ф). The wavelength of measurement is
chosen in a region of the spectrum that experiences significant changes upon self-assembly. The
curve profile obtained is characteristic of the mechanism of supramolecular polymerization: an
isodesmic mechanism will give rise to a symmetrical sigmoidal curve, whereas a cooperative
mechanism will give a non-symmetrical curve with a sharp increase in Ф at the transition between
nucleation and elongation. This qualitative analysis can be complemented with a quantitative
thermodynamic analysis of the supramolecular polymerization by fitting of the experimental data
with equations corresponding to an isodesmic or cooperative growth. 50,52 Even though a similar
analysis can be made from concentration-dependent experiments, temperature-dependent
experiments should yield more accurate results because (i) a large number of data points can easily
be measured, and (ii) the range of temperatures available for measurement is typically broader
than the range of concentrations suitable for CD/UV-vis experiments.
Analysis of the thermodynamic parameters for the assembly of 11 was performed using CD data
from variable temperature CD/UV-vis experiments in solution (Figure 4.3c). First these data were
rescaled between 0 and 1 to give the degree of aggregation  using the following equation:
𝜙(𝑇) =

𝐶𝐷(𝑇)
𝐶𝐷𝑚𝑎𝑥

where CD(T) is the ellipticity at 300 nm at the temperature T and CDmax is the maximum ellipticity
measured at 300 nm in the aggregated state at low temperature.
In a similar way, UV data were rescaled between 0 and 1 using the following equation:
𝜙(𝑇) =

𝐴(𝑇) − 𝐴𝑚
𝐴 𝑎 − 𝐴𝑚

where A(T) is the UV absorbance at 245 nm at temperature T, Am is the absorbance at 245 nm in
the molecularly dissolved state at high temperature and Aa is the absorbance at 245 nm in the
aggregated state at low temperature.
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The mechanism of helical supramolecular polymerization was determined to be a cooperative
nucleation-elongation mechanism from the curve profile obtained for (T), according to the method
reported by the Meijer laboratory.52
Calculations of the elongation temperature Te and the enthalpy for supramolecular polymerization
he were performed by fitting of the experimental data with the elongation equation: 50,53
𝛷 = 𝛷𝑆𝐴𝑇 [1 − 𝑒𝑥𝑝 (−

ℎ𝑒
(𝑇 − 𝑇𝑒 )]
𝑅𝑇𝑒2

where  is the degree of aggregation, SAT is the saturation level of the data, T is the temperature,
Te is the elongation temperature, he is the molar enthalpy for supramolecular polymerization and R
is the gas constant.
It should be noted that the model used for calculation of Te and he is based on the helical
supramolecular polymerization of a single-component system and does not consider co-assembly
of two distinct species, e.g. two enantiomers. However, in the present case a good fit of the
experimental data with the model is obtained even for racemic samples, and the thermodynamic
stability of the self-assembled columns is the same for racemic samples and enantiopure samples.
Therefore, we can assume that the enthalpic energy gained by addition of a molecule to a
supramolecular polymer does not differ significantly depending on the stereochemistry of the
molecule. In other words, the association constants for addition of a matching or a mismatching
monomer to a helical column are virtually identical, and the calculated enthalpy is an average value.
Overall the enthalpy and elongation temperature calculations show that the thermodynamic stability
and the supramolecular structure of 11 does not depend on the enantiomeric purity of the side
chains, in contrast with previously studied self-assembling derivatives.32,50,77–81
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A4.3

Micro-Spot CD Analysis of mix-11
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Figure A4.2. a, b, Thin film micro-spot CD spectra of mix-11 in the Φhk2 phase, collected at 23 °C.
Thin films were prepared from solutions in chloroform and were annealed at 110 °C for 3 h to
generate the Φhk2 phase. Each spectrum was obtained from different spots on the film.
Thin film micro-spot CD spectra of the Φhk2 phases of mix-11 are shown in Figure A4.2. The thin
films used to obtain the spectra in Figure A4.2 were prepared from solutions in chloroform. The
observation of positive and negative CD signals indicates the presence of distinct microdomains of
left- and right-handed columns and therefore evidences deracemization in this sample. Comparison
of Figure A4.2 with the micro-spot CD of rac-11 in the Φhk1 phase (Figure 4.4c, red) indicates that
the CD signals in Figure A4.2, though weak, are significant and not just the result of machine noise.
These micro-spot CD spectra, combined with optical polarized micrographs (Figure 3d) and
oriented fiber X-ray diffraction (Figure 4) provides a trio of complementary pieces of evidence for
the deracemization of mix-11 in the high order Φhk2 phase.
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A4.4

Micro-Spot CD Analysis of Enantiopure (R)- and (S)-11

Figure A4.3. a, b, Thin film micro-spot CD spectra of a, (R)-11 and b, (S)-11 in the Φhk2 phase,
collected at 23 °C. Thin films were prepared from solutions in chloroform and were annealed at
110 °C for 3 h to generate the Φhk2 phase. Each spectrum was obtained from different spots on the
film.
Thin film micro-spot CD spectra of the Φhk2 phases of enantiopure (R)- and (S)-11 are shown in
Figure A4.3. The thin films used to obtain the spectra in Figure A4.3 were prepared from solutions
in chloroform, and the resultant spectra show excellent agreement with macroscopic CD spectra of
thin films prepared from this solvent (Figure A4.1). The presence of similar, positive Cotton effects
at various positions in the thin film of (R)-11 and similar, negative Cotton effects in the thin film of
(S)-11 demonstrates the formation of macroscopic domains containing supramolecular helical
columns of only a single handedness throughout each film. Furthermore, the data presented in
Figure A4.3 support our assertion in the manuscript that birefringence in thin films of 11 is not a
significant contributor to the CD spectra presented in Figure 4.4c and Figure A4.2.
A4.5

Optical Polarized Micrographs of Thin Films of Homochiral (R)-11 and (S)-11

Optical polarized micrographs of enantiopure (R)-11 and (S)-11 are shown at two levels of
magnification in Figure A4.4. As mentioned in the main text, the presence of enantiomeric domains
can be distinguished by the presence of bright and dark regions that interchange by rotating the
analyzer clockwise and counterclockwise. Comparisons of the micrographs with rotated analyzers
(left and right panels) for both (R)-11 (Figure A4.4a) and (S)-11 (Figure A4.4b) clearly shows no
distinct change in the contrast of individual microdomains upon analyzer rotation. There is a slight
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change in the overall contrast of the micrographs upon analyzer rotation: the (R)-11 micrograph
with (+)-analyzer (Figure A4.4a, right) appears slightly more yellow than with (–)-analyzer (Figure
A4.4a, left), whereas the (S)-11 micrograph with (–)-analyzer (Figure A4.4b, left) appears slightly
more yellow than with (+)-analyzer (Figure A4.4b, right). The uniformity of this contrast change
across the sample indicates that the entire sample is of the same optical activity, i.e., homochiral.
Furthermore, the opposite nature of this contrast change for the two samples ((+) more yellow than
(–) for (R)-11, vice versa for (S)-11) demonstrates that the sign of the optical activity for both films
is different, as would be expected from two enantiomeric homochiral samples.

Figure A4.4. Optical polarized micrographs of a, (R)-11 and b, (S)-11 in the Φhk2 phase, from the
same films used for the micro-spot CD. The directions of polarizer (P) and analyzer (A) are shown
by arrows. The analyzer was rotated ±5° from the crossed position in the right and left micrographs,
respectively. The lower row of micrographs is magnified by 4× relative to the upper row.
The interchanging of bright and dark regions observed in the optical polarized micrographs of
rac-11 and mix-11 (Figure 4.4d, e) contrasts the overall similarity of the micrographs with rotated
analyzers in (R)-11 and (S)-11 (Figure A4.4). Rotation of the analyzer in the micrographs of films
of homochiral (R)-11 and (S)-11 produces no significant change in the relative brightness of
microdomains within the sample and thus demonstrates that there is no optical segregation in these
films, as expected. In contrast, the micrographs of rac-11 and mix-11 demonstrate a clear change
in relative brightness upon analyzer rotation (bright and dark areas, Figure 4.4d, e) and thus provide
clear evidence of optical segregation between microdomains of left- and right-handed
supramolecular helical columns.
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A4.6

XRD Indexing of (R)-11

Figure A4.5. 2D wide-angle XRD fiber patterns of (R)-11 in a, low order Φhk1 phase at 20 °C, b,
high order Φhk2 phase at 114 °C, c, d, after heating to 155 °C and subsequent cooling from 155 °C
to 23 °C, with c, no annealing and d, annealing for 12 days at 23 °C. The sample was heated to
above 155 °C to melt any residual high order Φhk2 crystal. Fiber axis, temperature, indexing, layer
lines, and lattice parameters are indicated. e, f, Schematic illustration of supramolecular columns
packing in a hexagonal lattice from e, top view and f, tilt view. The solid gray line indicates the
hexagonal unit cell.
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A4.7

Structural Analysis Parameters

Table A4.1. XRD Structural Analysis of Assemblies of 11 with Various Chiral Compositions

(S)-11

(R)-11

Phase a

a, b, c (Å); γ b

Dcol c
(Å)

td
(Å)

e

33

Φhk1

29.1, 29.1, 26.7 k
90, 90, 120

29.1

3.3

1.05

105

Φhk2

27.6, 27.6, 14.4 k
90, 90, 120

27.6

3.6

20

Φhk1

29.2, 29.2, 26.6 k
90, 90, 120

29.2

3.3

114

Φhk2

27.4, 27.4, 14.4 k
90, 90, 120

27.4

3.6

20

Φhk1

28.9, 28.9, 26.5 k
90, 90, 120

28.9

3.3

105

Φhk2

27.4, 27.4, 14.4 k
90, 90, 120

27.4

3.6

33

Φhk1

29.2, 29.2, 27.0 k
90, 90, 120

29.2

3.4

105

Φhk2

27.4, 27.4, 14.4 k
90, 90, 120

27.8

3.6
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T
(°C)

mix11

rac-11

(g/cm3)

1.05

1.05

1.05

d100, d110, d200, d210, d300, d220, d310, d400, d320, d410 (Å)
d101, d111, d201, d211, d301, d311, d401, d321, d411, d002 (Å)
d102, d112,d202, d212, d312, d013, d113, d203, d213 (Å) j
25.2, 14.6, 12.6, 9.5, 18.3, 6.7, 5.0, 4.5
–
–

Mwt f

g

Zh

ni

1508.2

1.0

8

4

1.0

4

2

23.9, 13.8, 12.0, 9.0, 8.0, 6.9, 6.6, 6.0, 3.5, 5.2
12.6, 10.1, 9.3, 7.7, 7.0, 6.1, 5.6, 5.2, 4.9, 7.5
7.1, 6.6, 6.3, 5.8, 5.0, 4.9, 4.7, 4.6, 4.4

1.0

8

4

25.2, 14.6, 12.6, 9.5, 18.3, 6.7, 5.0, 4.5
–
–

1.0

4

2

23.7, 13.7, 11.9, 9.0, 7.9, 6.9, 6.6, 5.9, 5.4, 5.2
12.7, 10.2, 9.3, 7.7, 7.0, 6.0, 5.5, 5.1, 4.9, 7.6
7.2, 6.6, 6.4, 5.8, 5.0, 4.9, 4.7, 4.6, 4.4

1.0

8

4

25.2, 14.6, 12.6, 9.5, 18.3, 6.7, 5.0, 4.5
–
–

1.0

4

2

23.7, 13.7, 11.9, 9.0, 7.9, 6.9, 6.6, 5.9, 5.4, 5.2
12.8, 10.2, 9.4, 7.7, 7.0, 6.0, 5.5, 5.1, 4.9, 7.6
7.2, 6.7, 6.4, 5.8, 5.0, 5.0, 4.8, 4.7, 4.4

1.0

8

4

25.3, 14.6, 12.6, 9.6, 18.5, 6.8, 5.1, 4.5
–
–

1.0

4

2

1508.2

1508.2

1508.2

24.1, 13.9, 12.0, 9.1, 8.0, 7.0, 6.7, 6.0, 5.5, 5.3
12.6,10.1, 9.3, 7.8, 7.1, 6.1, 5.6, 5.2, 5.0, 7.4
7.1, 6.5, 6.3, 5.7, 5.0, 4.8, 4.7, 4.6, 4.3
a
Phase notation: Φhk1 – low order 3D columnar hexagonal crystalline phase; Φhk2 – high order 3D columnar hexagonal crystalline phase. b Lattice parameters determined from
fiber and powder X-ray diffractions. c Column diameter calculated using Dcol = a. d Stratum thickness calculated from the meridional pattern. Note that t is also the π–π stacking
distance. e Experimental density measured at 20 C. f Molecular weight of the compound. g Average number of molecules forming the supramolecular column stratum, calculated
using  = NAAt / Mwt, where NA is Avogadro’s constant, 6.022 × 1023 mol–1,  is the experimental density measured at 20 °C (tabulated above), A is the unit cell area of the
ab-plane, and t is the stratum thickness calculated from the meridional pattern (tabulated above). h Number of molecules in unit cell. i Number of dimers per helical turn. j
Experimentally derived d-spacings for the Φhk phases. k Fiber direction.

A4.8

Analysis of Alkyl Chain Packing by Polarized Infrared (IR) Spectroscopy

Figure A4.6. Polarized infrared (IR) absorption spectra in the spectral ranges a, 660–940 cm–1 and
b, 1250–1800 cm–1. The superimposed spectra are recorded with the polarizer at 0° (parallel; blue),
at 45° (grey) and 90° (normal; pink) to the shear. The inset in a shows the aliphatic CH2 rocking
band with an expanded absorbance scale.
Figure A4.6a, b show the spectral ranges 660–940 cm–1 and 1250–1800 cm–1, respectively, with
superimposed spectra recorded with the polarizer at 0° (parallel to the shear), at 45 and at 90°
(normal to the shear). The two C=O stretching bands of the imide group 82 at 1690 and 1660 cm–1
have the ratio of absorbances, Anormal/Aparallel  2:1, which indicates a strong preference for the PBI
cores to lie perpendicular to the columns. The aromatic C=C stretch band at 1590 cm –1 also shows
considerable dichroism but with a somewhat lower Anormal/Aparallel ratio, attributable to the two phenyl
rings not being normal to the columns. The overall preferred orientation of the aromatic groups
perpendicular to the column direction is also indicated by the relative magnitudes of Aparallel and
Anormal of the out-of-plane aromatic C–H deformation bands at 750 and 850 cm –1 (Aparallel > Anormal).
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Significantly, however, the CH2 rocking band of the alkyl groups at 720 cm –1, although relatively
weak, shows a clear dichroism with Anormal/Aparallel  2:1 (see inset in Figure A4.6a). Since the
transition moment of this vibration is normal to the alkyl chain, this is a strong indication of the alkyl
chains lying preferentially parallel to the columns.
A4.9

Crystallographic Definition of a Double Helix

The crystallographic definition of an mn helix requires the action of an mn screw axis on a
molecule.83,84 The mn screw axis symmetry operation combines a translation by d = p/m, where p
is the helical pitch, and subsequent rotation by 360°/m (Figure A4.7). The resulting helix has pitch
p and crystallographic unit cell repeat, c = p/n. Therefore, a molecule in position i in a helix will be
identical to a molecule in position i+(m/n), and the relative rotation of molecule i+(m/n) with respect
to molecule i will be 360°/n. A molecule in a helix necessarily has a Cn rotation axis (n = 1, 2, 3,
etc.) coincident with the helical screw axis.

Figure A4.7. Illustration of geometrical parameters of a, a 41 helix and b, a 42 double helix. Notation:
mn is the helix descriptor, p is helical pitch, c is crystallographic unit cell repeat and d is
intermolecular spacing.
In the high order Φhk2 phase, the C2 rotation axis inherent in the PBI molecule is coincident with the
8-fold column axis, and hence the columns in Φhk2 are described as 82 double helices of molecules.
The perfect double helical nature of these columns is perhaps most easily visualized by considering
the phenyl rings of the dendron as defining helical ‘strands’ throughout the structure (Figure 4.1c),
although any atom, and its symmetry-related position within the same molecule, can be used to
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define the double helix. In contrast, the displacement between the C2 rotation axis of the PBI
molecule and the 8-fold column axis in columns in the Φhk1 phase means that these columns do
not form crystallographically perfect double helices. The helical columns in Φhk1 can be viewed as
distorted double helices (Figure 4.1b) with two helical strands running the length of the
supramolecular column. Indeed, the classic double helical structure of DNA is also a distorted
double helix due to the lack of a C2 rotation axis in its layers of base pairs. Hence the columns of
the low order Φhk1 phase form distorted double helices, just like DNA, whereas the columns of the
high order Φhk2 phase form a perfect double helix.
A4.10 Other Helical Supramolecular Assemblies of PBI Derivatives
Figure A4.8 summarizes structures proposed for literature examples of supramolecular columns
formed from PBI molecules. There are several reports of PBI assemblies in which no molecular
arrangement is proposed,71,85 which are omitted from the following discussion.
The earliest reported example of assemblies of PBIs was a columnar hexagonal mesophase by
Würthner and coworkers.64 X-ray scattering studies indicated the formation of a columnar
hexagonal arrangement of columns. Concentration-dependent UV studies demonstrated face-toface stacking of PBI cores without rotational offset, leading to a non-helical column as depicted in
Figure A4.7a. A similar non-helical stacking of PBI derivatives was demonstrated by Marks et al. in
2007.86 Thin-film XRD was used to interrogate the structure of a series of non-halogenated PBI
derivatives. XRD-derived d-spacings, coupled with calculated molecular lengths, suggested a faceto-face stacking with a molecular tilt angle of 43° (Figure A4.8b).
There have been numerous examples of PBI assemblies which might be described as ‘double
helices’, but the exact nature of their structures have yet to be sufficiently demonstrated
experimentally (Figure A4.8c to A4.8e). The Würthner laboratory reported a new PBI derivative in
2006 that formed a hexagonal columnar structure.87 Concentration-dependent UV studies
demonstrated close face-to-face stacking of PBI cores, which reversibly aggregated to form
columns with a rotational offset between building blocks (Figure A4.8c). Fluorescence studies were
consistent with a rotational displacement of 70–80° between adjacent molecules, and AFM in bulk
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confirmed the presence of one-dimensional aggregation. CD studies of a chiral analog, reported in
2007,35 further suggested the presence of a helical column.

Figure A4.8. Overview of previously reported supramolecular assemblies of PBI derivatives. (Left)
PBI derivatives are organized by supramolecular architecture: a, b, Non-helical columns; c–e,
Helical structures which require further experimental evidence to confirm whether the structure is
double helical or not; f–i, Helical structures which have been demonstrated not to be double helical;
j, The present work, which is demonstrated in the main text to be a double helix. (Right) Chemical
structures of molecules presented in the left panel.
More recently, the Meijer lab reported an asymmetric PBI capable of hydrogen bonding to form
dimers.66 IR confirmed the presence of hydrogen bonding between molecules, and concentration165

dependent UV studies provided evidence of aggregate formation via facial stacking (Figure A4.8d).
Solution-based small angle X-ray scattering (SAXS) indicated the presence of small aggregates of
twenty to thirty molecules rather than elongated fibers.
Percec’s laboratory has previously published achiral PBI derivatives dendronized with selfassembling benzyl ether minidendrons, which self-organize into helical supramolecular columns
(Figure A4.8e).42 The achiral building blocks generated a mixture of left- and right-handed helical
segments. The inability of XRD to distinguish between left- and right-handed helical segments, and
therefore between a single-handed helical column or a column with helix reversals, led us not to
term these helices as ‘double helices’. It should be noted that these columns would meet the
crystallographic definition of a double helix if no helix reversals are present in the column.
There have also been several reports of C2-symmetric PBI derivatives forming helical structures
that do not qualify as crystallographic double helices (Figure A4.8f to A4.8i), which require parallel
building blocks arranged at equal distances along the column, rotated with an equal angle with
respect to each other. Furthermore, the C2-rotation axis of the building block should lie along the
column axis; where this is not the case, the structure is best described as a distorted double helix.
A gelating PBI derivative reported in 2006 by the Würthner group was demonstrated to exhibit faceto-face stacking by UV studies.88 AFM further showed that the columns formed by the achiral PBI
molecules were helical (Figure A4.8f), with the diameter of each column approximately equal to
length of one PBI molecule. A helical structure was postulated based on the UV and AFM studies,
in which the PBI cores were not parallel along the column axis and therefore the structure could
not be described as a double helix. Several self-assembling PBI molecules from Percec’s
laboratory exhibit dimeric or tetrameric stacking in their supramolecular columns. 43,44 Despite the
C2-rotation axis present in all of these molecules, most of these helical columns could not be
described as ‘double helices’ due to differing inter- and intra-tetramer spacings in these columns
(Figure A4.8g). We were unable to find literature examples of systems generating distorted double
helices due to differing degrees of rotation (Figure A4.8h) or a mismatch of column axis and C2rotation axis (Figure A4.8i). These serve as further examples of structures that cannot be described
as double helices despite being generated by the self-assembly of a C2-symmetric molecule.
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The long-range order generated in the current work (Figure A4.8j) permits extensive
characterization of the supramolecular structure by fiber XRD, and the incorporation of chiral
dendrons allows examination of self-assembly by POM, CD and micro-spot CD. The combination
of these techniques and the identical nature of the XRD patterns in the main text demonstrate that
the PBI molecules reported here form elongated, single-handed columns which are, to the best of
our knowledge, the first examples of any supramolecular PBI assembly that can be correctly
described as double helices.
A4.11 Energetic Penalty Calculations and Comparison with Literature Systems
Supramolecular helical polymerization can be characterized by two energetic penalties: a mismatch
penalty, M, which is realized when a chiral monomer is added to a column of its non-preferred
helicity; and a helix reversal penalty, R, realized when the handedness of a helix is reversed.45,57,89
The data from a majority rules experiment can be analytically fitted with a theoretical model
developed by van Gestel.45 Using a least-squares fit, the sum of the squared residuals can be
minimized to determine the values of M and R. Studies by the Meijer laboratory have demonstrated
that this treatment yields values of M with good accuracy but provides R with substantial
uncertainty.89

Figure A4.9. C3-symmetric molecules for which the Meijer laboratory57,89 has determined the
mismatch penalty and helix reversal penalty during supramolecular helical polymerization.
The values of M and R obtained by fitting the data from the majority rules experiments (Figure 4.3e)
are provided in Table A4.2 and compared with other literature data obtained via fitting with the van
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Gestel model. Addition of a chiral monomer to a helical column of its non-preferred handedness
expectedly incurs a greater enthalpic penalty than addition of a racemic by synthesis (rac-11)
molecule to a column of its non-preferred handedness (M = 0.6 and 0.4 kcal/mol, respectively).
Indeed the mismatch penalty, M, for a chiral molecule is 50% larger than that of a racemic by
synthesis (rac-11) molecule. This larger mismatch penalty for enantiopure molecules is manifested
as a smaller amplification of chirality (i.e., a smaller majority rules effect) in the mixtures of (R)- and
(S)-11 than in the mixtures of chiral (R)- or (S)-11 and rac-11.
Table A4.2. Comparison of Energetic Penalties in the Self-Assembly of Supramolecular
Polymers
Compound
M (kcal/mol) a
R (kcal/mol) b
Ref.
(R)- and (S)-11
0.6
1.5
–c
d
(R)- or (S)-11 and rac-11
0.4
1.7
–c
(R)- and (S)-S1
0.2
1.9
81
(R)- and (S)-S2
0.4
4.1
60
aM = Mismatch penalty. bR = Helix reversal penalty. cThis work. dModified majority rules procedure.
The values of R obtained for the two majority rules experiments conducted with 11 are identical
within experimental error, and therefore no conclusions can be made about the relative magnitudes
of these values. However, both values of R are significantly higher than the corresponding values
of M, indicating that addition of a molecule of 11 into a column of its non-preferred handedness is
more likely to proceed with retention of helical handedness rather than helix reversal. The presence
of a majority rules effect demonstrates that helical supramolecular columns of 11 in solution contain
a mixture of enantiomeric molecules. However, the weakness of the majority rules effect indicates
that a substantial proportion of chiral monomers do not co-assemble into a helix of non-preferred
handedness dictated by the chiral monomer in excess.
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CHAPTER 5
Cogwheel Assembly of a Supramolecular Double Helix from Sequence-Defined
Dendronized Perylene Bisimides
(Unpublished work with contributions from Partridge, B. E.; Sahoo, D.; Olsen, J. T.; Leowanawat,
P.; Roche, C.; Ferreira, H.; Reilly, K. J.; Zeng, X.; Ungar, G.; Heiney, P. A.; Graf, R.; Spiess, H.
W.; Percec, V.)

5.1

Introduction

The self-organization of discotic and crown-like molecules into supramolecular columns is well
known.1 The typical mode of self-assembly into supramolecular columns invokes nanosegregation
of aromatic and aliphatic components, such that aromatic columnar cores are surrounded by a
continuous aliphatic matrix in which alkyl chains are fully disordered or exist within the plane of the
aromatic core, thus creating a discotic or shallow crown-like conformation. This structure has been
implicated or assumed in the self-assembly of a wide range of building blocks including selfassembling

benzyl

ether

dendrons,2,3

triphenylenes,4

cyclotriveratrylenes,5,6

cyclotetraveratrylenes,7,8 poly(2-oxazoline)s,9–11 poly(methacrylate)s and poly(acrylates),12–14
poly(phenylacetylene)s,15,16 T-shaped amphiphiles,17 phthalocyanines,18 porphyrins,19 benzamides
and other aryl trisamides,20–23 helicenes,24 and dendronized fullerenes.25 Often the structure of the
aliphatic region is not considered, such as in recent work on self-organizing perylene bisimides.26–
29

Demonstration

of

a

hat-shaped

cyclotriveratrylene

that

undergoes

supramolecular

deracemization provides a rare example of the alkyl chain conformation being specifically
addressed.30
Recently the cogwheel model was introduced as a distinct mode for self-organization into helical
columns.31 A family of perylene bisimides (PBIs) dendronized with two first generation selfassembling minidendrons, (3,4,5)dm8*G1-1-PBI (where dm8* denotes 3,7-dimethyloctyl) selfassemble into 3D columnar hexagonal arrays with single crystal-like order mediated by the
positioning of the alkyl chains parallel to the column axis. Strikingly, the degree of order obtained
in the 3D assembly was invariant to the chiral purity of the alkyl chains. Enantiopure and racemic
samples, as well as a mixture of all 21 possible diastereomers, self-organized with identically high
crystalline order. Furthermore, the spontaneous deracemization of the supramolecular columns
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provided homochiral domains with single-handed domains visible by polarized optical microscopy
and circular dichroism spectroscopy.
Intriguingly, this high order 3D columnar hexagonal array was not observed in any PBI derivative
with linear alkyl chains.26–28 Furthermore, the proposed cogwheel model could not justify why PBIs
with dendrons containing branched dm8* chains would generate this structure whereas those with
linear octyl chains would not. To investigate the role of the alkyl chain in the generation of the
cogwheel model, a series of PBI derivatives with sequence-defined hybrid dendrons containing
both branched dm8* and linear octyl chains is reported here. Defining sequence is critical for the
assembly and function of proteins and is of substantial interest in the field of other natural and nonnatural polymers.32,33 Sequence has also been employed for self-assembling building blocks to
assess protein-carbohydrate binding on biological cell membrane mimics, 34,35 but so far has not
been investigated in chiral supramolecular systems.
In this work, PBI derivatives are functionalized with dendrons containing a defined sequence of
minimum length – only three substituent alkyl chains on a (3,4,5)-minidendron. Structural and
retrostructural analysis of the resulting series of six dendronized PBIs demonstrates that both the
constitution and sequence of chains affect the kinetic and thermal stability of the columnar
hexagonal array assembled according to the cogwheel model. A combination of differential
scanning calorimetry (DSC), X-ray diffraction (XRD), a simulation library approach of molecular
modeling and simulation of XRD patterns, and solid state NMR studies is applied to understand the
molecular basis for the different self-organization behavior of the sequence-defined dendronized
PBIs. Additionally, two sequence-defined molecules with chiral (S)-3,7-dimethyloctyl chains show
that hybrid molecules exhibit the same chirality-invariant assembly observed previously for
molecules with three rac-dm8* chains.31 Together these results demonstrate that the cogwheel
model is more nuanced than originally proposed and provides a powerful means of tuning the
properties of assemblies of PBI derivatives through minor changes to the primary structure of the
self-assembling building block.
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5.2

Results and Discussion

5.2.1

The Cogwheel Model of Chirality-Invariant Self-Assembly

The cogwheel model proposed recently for the self-assembly of all stereochemical permutations of
(3,4,5)dm8*G1-1-PBI is shown in Figure 5.1. PBI molecules are stacked with an intramolecular
distance of 3.7 Å and relative rotation of 45° to generate a supramolecular double helix. 31 This
double helix differs from that of DNA36 in that interactions between molecules of (3,4,5)dm8*G1-1PBI are supramolecular in nature along the column and covalent between the two strands,
mediated by the PBI core.

Figure 5.1. Molecular models of the high order columnar hexagonal (Φhk2) phase of rrr-PBI
according to the idealized cogwheel model.31 (a) Single molecule. (b, c) Supramolecular column in
(b) stick and (c) CPK depiction. (d) Hexagonal unit cell in (top) cogwheel and (bottom) molecular
depiction. Hydrogen atoms omitted for clarity.
The cogwheel model, as proposed,31 featured three key aspects: (1) the chiral methyl group on the
dm8* chain points towards the center of the column, obscuring the chirality of that group from the
column periphery and thus eliminating its role in determining intercolumnar interactions; (2) the
alkyl chains lie parallel to the column axis akin to the teeth of a cogwheel, thereby providing limited
interdigitation of neighboring columns; (3) the length of the alkyl chain corresponds almost exactly
to the periodicity of the helix, that is, the helical half-pitch, ensuring that the entire periphery is
covered in alkyl chains to maximize favorable intercolumnar van der Waals interactions. These
features allowed enantiopure and racemic molecules to assemble into identical supramolecular
columns which self-organized into 3D columnar hexagonal arrays with single crystal-like order,
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irrespective of the chirality of the PBI building block. However, PBI molecules with linear octyl
chains instead of branched dm8* chains26–28 do not self-assemble via the same model, instead selforganizing into columnar orthorhombic arrays. From the proposed cogwheel model (Figure 5.1),31
it is not intuitive that the replacement of dm8* chains with octyl chains would change the selfassembled structure of these PBIs so dramatically.
5.2.2

Synthesis of PBIs with Sequence-Defined Linear-Racemic Minidendrons

PBIs with all six possible combinations of dm8* (also denoted r or rac) and linear octyl (also denoted
8 or C8) chains on a (3,4,5)-minidendron were synthesized (Scheme 5.1). These compounds will
be identified by the identities of the chains in the 3-, 4-, and 5-positions: fully branched racemic rrrPBI, fully linear 888-PBI, symmetric hybrid r8r-PBI and 8r8-PBI, and nonsymmetric hybrid rr8-PBI
and 88r-PBI. rrr-PBI31 and 888-PBI28 were synthesized according to procedures reported
previously, and the four PBIs with hybrid racemic-linear dendrons were synthesized according to
Scheme 5.1. The synthesis proceeded in three stages: preparation of the sequence-defined
minidendron ester, conversion of the minidendron ester to the corresponding amine, and imidation
with perylene tetracarboxylic dianhydride (PTCDA) to obtain the target sequence-defined
dendronized PBIs.
The preparation of minidendron ester 5 differed for nonsymmetric and symmetric dendrons.
Symmetric dendrons were prepared from methyl gallate (1), which was statistically protected in the
4-position with benzyl chloride and K2CO3 in N,N-dimethylformamide (DMF) at 70 °C to give
monoprotected ester 2 in 59% after isolation from isomeric side products by column
chromatography. Williamson etherification of 2 with either 1-bromooctane or 1-bromo-3,7dimethyloctane provided dialkylated benzyl-protected esters 3 in 95–98% yield after column
chromatography, which were deprotected by hydrogenation over palladium on carbon to give
symmetric dialkylated phenol esters 4 within 24 h. Subsequent Williamson etherification with K2CO3
and the appropriate bromoalkane in DMF afforded sequence-defined minidendron esters 5 in 76%
(r8r-5) and 84% (8r8-5) yield.
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Scheme 5.1. Synthesis of Perylene Bisimides with Sequence-Defined Linear-Racemic
Hybrid Minidendronsa

a

Reagents and conditions: (i) BnCl, K2CO3, DMF, 70 °C, 12 h; (ii) RBr, K2CO3, DMF, 70–90 °C,
15–20 h; (iii) H2, Pd/C, CH2Cl2-MeOH, 23 °C, 24 h; (iv) HC(OEt)3, toluene, reflux, 18 h; (v) aq. HCl,
23 °C, 2 h; (vi) LiAH4, THF, 23 °C, 1–3 h; (vii) SOCl2, cat. DMF, CH2Cl2, 23 °C, 1–2 h; (viii) NaN3,
DMF, 70–90 °C, 12–16 h; (ix) Zn(OAc)2∙2H2O, imidazole, 160 °C, 15–24 h.
Nonsymmetric esters 5 were similarly prepared via alternative protecting group manipulation.
Methyl gallate (1) was protected in the 3- and 4-positions with triethyl orthoformate in refluxing
toluene to give acetal-protected ester 6 in 88% yield. Williamson etherification of 6 with
1-bromooctane and 1-bromo-3,7-dimethyloctane with K2CO3 in DMF yielded nonsymmetric
dialkylated esters C8-7 (95%) and rac-7 (66%), which were deprotected with aqueous hydrochloric
acid (1 M) in 2 h to give phenol esters 8. Subsequent alkylation via the Williamson etherification
provided the two nonsymmetric sequence-defined minidendron esters rr8-5 and 88r-5 in 93% and
95% yield, respectively.
The remainder of the synthesis proceeded identically for all four hybrid dendrons, which were
converted from benzyl esters to benzyl amines. Although this synthetic sequence suffers from a
high number of steps, the ability to use simple reagents to convert the esters to the amines quickly
(within 24 h from 5 to 12) in good yield (62–83% over 4 steps) was attractive. Benzyl esters 5 were
reduced with LiAlH4 in THF at 23 °C within 3 h to give benzyl alcohols 9 in 96–99% yield.
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Subsequent chlorination with thionyl chloride and catalytic DMF in CH 2Cl2 afforded chlorides 10 in
90–96% yield after 1–2 h at 23 °C. Nucleophilic substitution of the benzyl chloride with sodium
azide in DMF at 70–90 °C provided azides 11 (84–97%) which were reduced with LiAlH4 in THF
(1–3 h, 23 °C) to provide minidendron amines 12 in 84–96% yield. No chromatographic purification
was required during the sequence from ester 5 to amine 12.
Imidation of PTCDA with amines 12 was achieved using a modified literature procedure.37 PTCDA,
12, zinc acetate dihydrate and imidazole were heated to 160 °C and stirred for 15–24 h. Imidazole
melts at 90 °C and hence acts as solvent for the reaction. Addition of the cooled reaction mixture
to acidified methanol provided dark red solid as a crude product, which was purified by column
chromatography. Precipitation of a CHCl3 solution of the isolated product into methanol to remove
any ionic impurities afforded in 44–75% yield the four hybrid PBIs, r8r-, 8r8-, rr8- and 88r-PBI. The
purity and identity of the four hybrid PBIs was confirmed by 1H and 13C NMR spectroscopy, as well
as by GPC (Figure A5.1) and MALDI-TOF mass spectrometry (Figure A5.2). As expected, the
hydrodynamic volume of the hybrid PBIs increases with molecular weight, as signified by
decreasing elution time (Figure A5.1).
5.2.3

Thermal Analysis of PBIs with Sequence-Defined Hybrid Linear-Racemic Dendrons

by Differential Scanning Calorimetry (DSC)
The thermal phase behavior of the six dendronized PBIs (four hybrids plus rrr- and 888-PBI) was
measured by DSC with a scan rate of 10 °C/min (Figure 5.2). Phases were determined by X-ray
diffraction (to be discussed later). As noted previously, rrr-PBI assembles into a highly ordered 3D
columnar hexagonal phase according to the cogwheel model, denoted as Φhk2. However, this
phase was not observed at 10 °C/min, instead requiring either slow heating (1 °C/min) or annealing
at elevated temperature (for example, 100 °C for 3 h). Instead only a kinetically favored columnar
hexagonal phase, denoted Φhk1, was observed in the as-prepared sample and upon heating and
cooling rrr-PBI at 10 °C/min. The Φhk2 phase, formed by annealing, would undergo a phase
transition to the Φhk1 phase at 128–130 °C upon heating at 10 °C/min.31
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In contrast to rrr-PBI, which requires annealing to generate the Φhk2 phase, and 888-PBI, which
does not self-organize into the Φhk2 phase at all, all four hybrid PBIs with dm8* and C8 chains selforganize into the cogwheel Φhk2 upon heating and cooling at 10 °C/min (Figure 5.1). This dramatic
change in behavior suggests that the linear chains are facilitating the formation of the Φhk2 phase,
which is the thermodynamically favored but kinetically disfavored phase of rrr-PBI below 128–
130 °C.

Figure 5.2. DSC traces of PBIs with linear-racemic hybrid dendrons. a) First heating, (b) first
cooling, and (c) second heating scans recorded with heating and cooling rates of 10 °C/min. Phases
determined by X-ray diffraction (to be discussed later), transition temperatures (in °C), and
associated enthalpy changes (in parentheses, in kcal/mol) are indicated. Phase notation: Φhk1 –
columnar hexagonal crystalline phase with offset dimers 31; Φhk2 – columnar hexagonal crystalline
phase with cogwheel assembly31; x – unknown columnar phase; Φc–ok – columnar centered
orthorhombic crystalline phase; Φmk – columnar monoclinic crystalline phase; Φhio – 2D columnar
hexagonal phase with short range intracolumnar order; i – isotropic. Note: quantitative uncertainties
are ±1 ºC for thermal transition temperatures and ~ 2% for the associated enthalpy changes
reported in kcal/mol.
The Φhk2 phase of all four hybrid PBIs undergoes a phase transition upon heating. Hybrid PBIs with
two dm8* chains (r8r- and rr8-PBI) form the Φhk1 phase at 152 and 146 °C, respectively, similar to
the behavior of rrr-PBI. In contrast, hybrid PBIs with two octyl chains (8r8- and 88r-PBI) generate
orthorhombic and 2D hexagonal phases upon heating, similar to 888-PBI. The Φhk2 phase of 8r8PBI transitions to a columnar centered orthorhombic (Φc–ok) phase at 145 °C and 2D columnar
hexagonal array with intracolumnar order (Φhio) phase above 160 °C. 88r-PBI generates a
columnar simple orthorhombic array (Φs–ok) before forming Φhio above 187 °C. Therefore, the
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majority chain dictates the identity of the phases generated by the hybrid PBIs: dendrons with more
dm8* chains self-organize into the same phases as rrr-PBI, whereas dendrons with more octyl
chains self-organize into similar phases to 888-PBI. Upon cooling all four hybrids re-form the Φhk2
phase.
The isotropization temperatures (Ti) of the hybrid PBIs are between rrr-PBI (200 °C) and 888-PBI
(229 °C). However, there is not a strict correlation between the number of linear chains and Ti. For
example, 8r8-PBI has a lower Ti (209 °C) than r8r-PBI (223 °C) despite having two linear octyl
chains rather than one. Instead, the chain in the 4-position dictates thermal stability as measured
by Ti. Dendrons with dm8* in the 4-position exhibit Ti values more similar to rrr-PBI (Ti of rrr-, rr8-,
and 8r8-PBI = 200, 205, 209 °C) whereas those with an octyl chain in the 4-position exhibit Ti
values more similar to 888-PBI (Ti of r8r-, 88r-, and 888-PBI = 223, 228, 229 °C). The trend of
increasing Ti with increasing number of linear octyl chains is valid within each subset. Notably this
leads to substantial differences in Ti between constitutional isomers such as rr8- and r8r-PBI (205
and 223 °C, respectively). Hence DSC demonstrates that not only the composition but also the
sequence of the dendrons in hybrid linear-racemic PBIs leads to significant differences in their
thermal phase behavior, which is summarized in Table A5.1.
5.2.4

Structural Analysis of PBIs with Sequence-Defined Dendrons

The supramolecular assemblies of the hybrid PBIs were elucidated by experimental X-ray
diffraction (XRD) of oriented fibers (Figure 5.2).38 XRD patterns simulated from molecular models
to be discussed later are also shown.
The fiber XRD patterns of rrr-PBI (Figure 5.3a) and the four hybrid PBIs (Figure 5.3b–e) are
consistent with the cogwheel Φhk2 phase (Table A5.2). The lattice parameters of the Φhk2 unit cell
of these five PBIs are all identical within experimental error, a = 26.7 ± 0.4 Å and c = 14.8 ± 0.1 Å.
From the experimental densities of the PBIs, which range from 1.05 g/cm 3 to 1.07 g/cm 3 (Table
A5.3), it can be calculated that the number of molecules per column stratum, µ, is 0.97–1.08, that
is, 1 molecule. The distance between strata, which corresponds to the average π–π stacking
distance, is 3.7 ± 0.05 Å, and the column diameter (Dcol = a) is 26.7 ± 0.4 Å. The phase behavior
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of 888-PBI has been reported in detail elsewhere.28 At 80 °C 888-PBI exhibits a Φc–ok phase with
Dcol = 24.2 Å, µ = 1.01, and a π–π distance of 3.6 Å (Figure 5.3c). Structural analysis parameters
for the other phases generated by the six PBIs is presented in Tables A5.2 and A5.3.

Figure 5.3. Experimental (left) and simulated (right) oriented fiber X-ray diffraction (XRD) of (a) rrrPBI, (b) rr8-PBI, (c) r8r-PBI, (d) 8r8-PBI, (e) 88r-PBI, and (f) 888-PBI. Fiber axis, temperature,
phase, and lattice parameters are indicated. Blue square in (a–e) denote the (210) and (300)
features.
Thermal analysis of the six PBIs (Figure 5.2) suggests that the Φhk2 phase of rrr-PBI and the four
hybrid PBIs cannot be strictly identical, contrary to the highly similar lattice parameters determined
by XRD (Table A5.2). Indeed, their XRD patterns (Figure 5.3) do exhibit substantial differences. As
the number of linear octyl chains increases, meridional hk0 and off-axis hkl features become less
sharp and less intense, suggesting an increased degree of disorder in the supramolecular structure.
For example, compare the (210) and (300) features highlighted by blue squares in Figure 5.3a–e.
Consistent with the trends in Ti observed by DSC (Figure 5.2), hybrids with dm8* chains in the 4position are most like rrr-PBI, with well-defined features at higher q (compare rr8- and 8r8-PBI in
Figure 5.3b, c). In contrast, XRD patterns of hybrids with linear octyl chains in the 4-position (r8r177

and 88r-PBI, Figure 5.3d, e) display diffuse features with diminished intensity at higher q. Therefore
rrr-PBI and the hybrid PBIs all generate a Φhk2 phase with almost identical lattice parameters but
the degree of order and exact molecular packing must differ depending on the sequence of chains
defined for the dendron.
5.2.5

Modeling of Sequence-Defined PBIs using a Simulation Library Approach

To address the differences in molecular packing in the supramolecular assemblies of sequencedefined hybrid PBIs, molecular models were constructed, their XRD was simulated and compared
to experimental XRD. The molecular model was refined, and the simulation and comparison
repeated. This process is done iteratively with a single model until there is good agreement
between experimental and simulated XRD data and the level of agreement cannot be improved.
Typically, alkyl chains are excluded from these simulations. Here the differences in the nearidentical supramolecular columns of rrr-PBI and the hybrid PBIs require that alkyl chains be
included in the molecular modeling. However, the number of possible alkyl chain conformations in
a supramolecular column of PBIs renders an iterative process in which a single structure is tested
prohibitively slow.
Instead, a simulation library approach was developed to survey multiple alkyl chain conformations
in each iterative round of modeling. For a given structural change (for example, shifting the PBI
cores from the center of the column), libraries each containing up to 32 models were prepared in
which different degrees of disorder were applied to different portions of their aliphatic chains.
Simulation of these models allowed rapid screening of the impact of alkyl chain conformation and
structural change on the simulated XRD data. Iterative simulation of the XRD arising from these
libraries of models was conducted until the level of agreement with experimental data did not
improve (Figure 5.3). A more detailed description of the simulation library approach is provided in
the Appendix (Figures A5.3 to A5.5).
The static nature of the XRD simulation limits its ability to fully describe the dynamic structure of
molecules in a macroscopic array. Thus, rather than the simulation library approach providing a
single “best” model for a supramolecular structure, its strength lies in comparing multiple chain
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conformations and identifying trends which provide the best agreement with experimental data.
Hence the following discussion on the structures of the supramolecular assemblies of hybrid PBIs
identifies general characteristics and does not specify that a given molecule always adopts a
particular conformation.
5.2.6

A More Detailed Cogwheel Model

The supramolecular column of rrr-PBI in the cogwheel Φhk2 phase (Figure 5.4) maintains the
diameter (Dcol = a = 27.0 Å), π–π stacking distance (3.7 Å), and intermolecular rotation (45 °C)
proposed previously.31 Furthermore, the PBI cores are stacked in the center of the column
translation in the ab-plane.

Figure 5.4. Model of supramolecular packing in the cogwheel Φhk2 phase of rrr-PBI. (a) Aromatic
portion of a supramolecular column, top view. (b) Supramolecular column, side view, colored by
molecule. (c) Single molecules, top view, colored by alkyl chain. (d, e) Unit cell, whole molecule,
top view, colored by column, in (d) CPK view and (e) stick view. The yellow line denotes the
hexagonal unit cell. (f) Single molecule, side view, colored by alkyl chain. Yellow highlighted
carbons indicate chiral centers. Hydrogens omitted from all panels for clarity.
The conformation of the remainder of the molecule differs significantly from the idealized cogwheel
model (Figure 5.1). The phenyl rings of the dendron were previously proposed to tilt down from the
plane of the PBI core without rotation, such that the mirror plane along the long axis of the molecule
was preserved (Figure 5.1a).31 However, simulation libraries suggest that twisting of the phenyl ring
to disrupt this mirror plane is favored (Figure 5.4a), likely due to the helicity of the supramolecular
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column. Consequently, the chains in the 3- and 5-positions are not equidistant from the center of
the column (compare green and red chains in Figure 5.4c).
The dm8* chains are still positioned along the column axis in the updated model, though the
idealized all-anti conformation (Figure 5.1a, b, c) is relaxed (Figure 5.4b, c). Instead, some bonds
adopt gauche conformations, most commonly at the top of the chain near the –OCH2– ether linkage
to allow the chain to bend and arrange itself along the column axis. This arrangement is required
to ensure that the chiral center of the dm8* chain is pointed towards the center of the column
(Figures 5.1a and 5.4f), consistent with the chirality-invariant supramolecular assembly observed
recently.31 The final key component of the idealized cogwheel model was limited interdigitation
between supramolecular columns (Figure 5.1d), which is observed too in the more detailed
cogwheel model (Figure 5.4d, e). There is a small degree of interdigitation between adjacent
columns, but without substantial overlap.
In summary the updated cogwheel model provides a more detailed description of the molecular
packing of rrr-PBI molecules compared to the previous cogwheel model. The less idealized chain
conformation of this model also provides a basis for understanding the differences between rrr-PBI
and the four hybrid PBIs. Molecular modeling of the hybrid PBIs via the simulation library approach
elucidated several structural trends which will be discussed in turn.
5.2.7

Kinetics of Formation of High Order Φhk2 Phase

The cogwheel Φhk2 phase of rrr-PBI is not generated upon heating and cooling at 10 °C/min (Figure
5.2), instead requiring slower heating and cooling (1 °C/min) or annealing. 31 Time-dependent XRD
data during the annealing of rrr-PBI at 100 °C are shown in Figure 5.5a to 5.5d. At 25 °C only the
lower order Φhk1 phase is observed (Figure 5.5a). After heating to 100 °C at 1 °C/min, features
pertaining to the Φhk2 phase are scarcely visible after 30 min (Figure 5.5b) and clearly visible after
60 min (Figure 5.5c), at which point the Φhk1 and Φhk2 phases coexist. The Φhk1-to-Φhk2 phase
transition is only complete after annealing for 3 h (Figure 5.5d).
In contrast, hybrid rr8-PBI generates the Φhk2 phase upon heating at 10 °C/min. Starting from the
Φhk1 phase at 25 °C (Figure 5.5e), collecting data at 100 °C for only 5 min demonstrates the Φhk2
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phase (Figure 5.5f). Further annealing at 100 °C for 15 min (Figure 5.5g) and 30 min (Figure 5.5h)
provides minor improvement in the intensity of hkl features with high q, implying a small increase
in order during annealing. However, after 30 min, no change to the XRD pattern is observed. A
similar trend is observed for r8r-, 8r8-, and 88r-PBI, demonstrating that the rate of formation of the
Φhk2 phase is substantially quicker for PBIs with linear alkyl chains in their dendrons. This effect
likely arises from the increased tendency of linear alkyl chains to crystallize. 39,40

Figure 5.5. Formation of the Φhk2 cogwheel phase by annealing. (a–d) XRD patterns of rrr-PBI
recorded at (a) 25 °C after 5 min and (b–d) 100 °C after (b) 30 min, (c) 60 min, and (d) 180 min.
(e–h) XRD patterns of rr8-PBI recorded at (e) 25 °C after 5 min and (f–h) 100 °C after (f) 5 min, (g)
15 min, and (h) 30 min. Fiber axis indicated.
5.2.8

Conformation of Aromatic Portion of Sequence-Defined Dendrons

The more detailed cogwheel model indicates that the phenyl rings of the dendrons of rrr-PBI are
twisted, disrupting the mirror plane along the long axis of the PBI core (Figure 5.4a). Comparison
of the degree of twisting in the hybrid PBIs reveals that the degree of twisting decreases as the
number of linear chains increases. Thus rrr-PBI exhibits the maximum degree of twisting whereas
the phenyl rings of hybrid 88r-PBI and linear 888-PBI are twisted to a lesser degree (compare blue
circles in Figure 5.6). This degree of twisting reduces the steric hindrance between chains on
adjacent dendrons and, for dm8* chains, facilitates the chiral center being directed towards the
center of the column. The lower steric demands of the linear alkyl chain can be accommodated
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more easily without necessitating the dendron to be twisted. Furthermore, the twist of the dendrons
in rrr-PBI is almost identical, suggesting that the substantially twisted conformation is preferred. In
contrast, the degree of twisting of the dendron phenyl rings of 88r-PBI is less consistent, suggesting
that multiple conformations are equally preferable.

Figure 5.6. Conformation of dendron phenyl ring in (left) rrr-PBI and (right) 88r-PBI.
Supramolecular column in (top) top and (bottom) side view. Blue circles highlight regions of interest
for discussion in the main text. Alkyl chains and hydrogen atoms omitted for clarity.
5.2.9

Conformation of Aliphatic Portion of Sequence-Defined Dendrons

Whereas the idealized cogwheel model invoked an all-anti conformation for the alkyl chains at the
periphery of the supramolecular column (Figure 5.1),31 gauche conformers are required to enable
the dm8* chain to lie (mostly) parallel to the column axis and to direct the chiral group towards the
center of the supramolecular column (Figure 5.4).
Comparing the conformations of linear octyl and branched dm8* chains indicates that gauche
conformations are more common in the dm8* chains (Figure 5.7a), whereas the octyl chains exhibit
almost exclusively anti conformations (Figure 5.7b). If octyl chains do exhibit gauche conformers,
they tend to occur closest to the dendron ether (–OCH2–). Thus gauche conformers, which lead to
enhanced steric hindrance within a chain, are adopted by the chains in order to enhance the
supramolecular structure, by directing the chain along the column axis and ensuring that the chiral
methyl group points towards the center of the supramolecular column.
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Figure 5.7. Conformation of alkyl chains in (a) rrr-PBI and (b) 888-PBI. Blue ellipses highlight
regions of interest for discussion in the main text. Alkyl chains and hydrogen atoms omitted for
clarity.
5.2.10 Interdigitation Between Supramolecular Columns
The linear octyl and branched dm8* chains not only adopt different conformations (anti vs gauche)
but also adopt different packing environments within the supramolecular column). This is most
easily manifested by their different tendencies to interdigitate between different columns. Figure
5.8a depicts a unit cell of r8r-PBI in the Φhk2 phase, in which linear octyl chains are highlighted in
red. Figure 5.8b compares molecules of rr8- and r8r-PBI, with linear chains colored orange and
racemic chains colored green. Both images suggest that the linear octyl chain is, on average,
extended further from the column center than dm8* chains are. Due to their branching, dm8* chains
occupy a greater volume in the column exterior and thus it is more difficult to accommodate them
within the periphery of another column. Therefore they interdigitate less and are positioned closer
to the center of the column. In contrast, linear chains tend to extend further from the column center
and interdigitate with neighboring columns to a greater extent. This difference is most pronounced
when the alkyl chain is in the 4-position of the sequence-defined dendron (Figure 5.8b) and hence
two constitutional isomers such as rr8- and r8r-PBI exhibit different degrees of interdigitation. This
may rationalize why the identity of the alkyl chain at the 4-position is a good predictor of Ti trends
(Figure 5.2) and would suggest that intercolumnar interactions dominate isotropization.
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Figure 5.8. Increased interdigitation of linear chains. (a) Unit cell of r8r-PBI. Linear C8H17 chains
are colored red; remainder of column is colored green, blue, orange or grey (by column). (b)
Molecular models of dimer in (top) rr8-PBI and (bottom) r8r-PBI. Blue ellipses highlight regions of
interest for discussion in the main text. (c) Molecular model of supramolecular column of rr8-PBI.
Linear C8H17 chains are colored orange and racemic chains are colored green. Hydrogens omitted
from all models for clarity.
The increased degree of interdigitation also affects the sequence of phases self-organized from
these PBIs. Linear alkyl chains are positioned, on average, further from the center of the column
and hence distort its cross-sectional profile. This leads to less cylindrical shapes and, with sufficient
distortion, disrupts the formation of a hexagonal lattice and instead encourages self-organization
into a pseudohexagonal centered orthorhombic lattice. This distortion of the column shape is
supported by the observation of orthorhombic phases only from PBIs with a majority of linear octyl
chains (88r-, 8r8-, and 888-PBI). Furthermore, this is consistent with the lack of high order
crystalline hexagonal arrays self-organized from other PBIs with linear alkyl chains ranging from
C6H13 to C12H25.26–28
5.2.11 Dynamics Probed by Solid State NMR
Solid state NMR not only probes the structure of supramolecular assemblies but can also reveal
information about the dynamics of individual chemical groups. 41,42 Significant conformational
changes or molecular reorganization are manifested as changes in chemical shift, peak
splitting/coalescence, or line narrowing/broadening. Furthermore, solid state NMR is sensitive to a
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much longer timescale than XRD, such that fast motion by NMR correlates to motional rates well
above 10 kHz and slow motion denotes rates below 1 kHz.

Figure 5.9. 13C Cross-polarization magic angle spinning (CP-MAS) solid state NMR studies of PBIs
with hybrid linear-racemic dendrons. Regions of interest discussed in the main text are colored for
ease of reference and correspond to the chemical groups denoted at the top of the figure.
13C

Cross-polarization magic angle spinning (CP-MAS) NMR experiments of the four hybrid PBIs

suggest that there are subtle differences between their supramolecular assemblies. The C=O
signals (160–165 ppm, green in Figure 5.9), phenyl meta signals (150–155 ppm, yellow in Figure
5.9), phenyl ortho signals (105–110 ppm, blue in Figure 5.9) and –NCH2– signals (41–45 ppm, pink
in Figure 5.9) exhibit weak variations across the four hybrids, suggesting that the packing of the
dendron and stacking of the PBI core are almost identical, consistent with XRD data that all four
molecules generate similar cogwheel models. Hence differences between the supramolecular
packing of the four hybrid PBIs are driven mostly by the conformations of the alkyl chains. This is
manifested in part by the –OCH2– signals (65–75 ppm, orange in Figure 5.9). The more mobile
8r8-PBI exhibits increased splitting in this region compared to the more rapidly, rigidly organizing
r8r-PBI. However, it is not clear whether this splitting results from differences in local conformation
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or in the orientation of neighboring ring currents from the dendron phenyl ring, perhaps supporting
a different degree of phenyl ring twist in these compounds.

Figure 5.10. 13C Cross-polarization magic angle spinning (CP-MAS) solid state NMR studies of
(top) 888-PBI and (bottom) rrr-PBI. Regions of interest discussed in the main text are colored for
ease of reference and correspond to the highlighted atoms in the molecular structure at the top of
the figure.
Comparing the

13C

CP-MAS NMR spectra of rrr-PBI and 888-PBI provides more substantial

differences between their assemblies (Figure 5.10). The signals arising from the C=O carbon
(>160 ppm, green in Figure 5.10) are substantially more split for 888-PBI, suggesting a lower
symmetry packing of the PBI cores. This is consistent with the formation of a less cylindrical column
in an orthorhombic lattice rather than a hexagonally packed column. This symmetry breaking is
also manifested by splitting of the phenyl ortho signals (105–115 ppm, orange in Figure 5.10).
13C

CP-MAS NMR spectroscopy can also be used to quantify the dynamic nature of different

portions of molecules. The degree of order can be quantified with an order parameter, S, defined
such that an S value of 0 denotes fast molecular fluctuations with isotropic motion, whereas an S
value of 1 denotes complete rigidity with no molecular fluctuations.41 Experiments were done with
rrr- and 888-PBI to identify clear trends without the difficulties of resolving the

13C

signals of dm8*

and octyl chains in hybrid PBI dendrons. The order parameters determined for rrr- and 888-PBI
are shown in Figure 5.11. There is a high degree of order for the PBI core (S = 0.9, green in Figure
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5.11) in both molecules, indicating a rigid packing of the core motif. The phenyl ortho signals also
exhibit high rigidity (orange in Figure 5.11), though the degree of order is significantly higher for rrrPBI (S = 0.95) than for 888-PBI (S = 0.85), suggesting that the phenyl rings of 888-PBI are more
dynamic whereas those of rrr-PBI adopt a stable conformation. This is supported by modeling and
simulation as discussed earlier (Figure 5.6).

Figure 5.11. Order parameters, S, for 888-PBI and rrr-PBI determined from 13C cross-polarization
magic angle spinning (CP-MAS) NMR spectroscopy.
The dynamics of the alkyl chains also vary between the two compounds. In both cases, the carbon
atoms furthest from the PBI core exhibit S < 0.1, denoting that their motion is rapid and essentially
isotropic on the NMR timescale. Moving along the chain toward the PBI core, rigidity increases in
888-PBI (S = 0.23). The rigidity of the branched dm8* chain is higher than the linear octyl chain.
The branched chiral carbon (blue in Figure 5.11) has an S value of 0.36, indicating substantially
restricted motion compared to a linear chain, and even carbon atoms adjacent to the branching
point (red in Figure 5.11) display enhanced rigidity (S = 0.30) due to the increased steric
encumbrance of the adjacent tertiary carbon. The dynamic nature of the chain ends and relative
dynamics of the dm8* and octyl alkyl chains suggests that the chains drive the self-assembly into
the Φhk2 phase and that their conformation has the largest impact on the stability of the
supramolecular assemblies.
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5.2.12 Comparing the Assembly of Sequence-Defined Linear-Racemic and Linear-Chiral
Dendrons
The cogwheel model was originally proposed as a means to self-organize columnar hexagonal
arrays with identical single crystal-like order irrespective of the chirality of their constituent building
blocks.31 Hence the self-assembly of rrr-PBI, with (rac)-3,7-dimethyloctyl groups, was
demonstrated to be the same as that of enantiopure compounds, such as the equivalent homochiral
PBI with (S)-3,7-dimethyloctyl groups (denoted SSS-PBI). However, for the structural trends
elucidated in this work to be relevant to homochiral systems, it should also be true that the hybrid
PBIs assemble equivalently, irrespective of chirality, that is, r8r-PBI should form the same
assemblies as S8S-PBI, for example.
Scheme 5.2. Synthesis of Perylene Bisimides with Sequence-Defined Linear-Chiral Hybrid
Minidendronsa

a

Reagents and conditions: (i) BnCl, K2CO3, DMF, 70 °C, 12 h; (ii) RBr, K2CO3, DMF, 80 °C, 14–
16 h; (iii) H2, Pd/C, CH2Cl2-MeOH, 23 °C, 24 h; (iv) LiAH4, THF, 23 °C, 3–4 h; (vi) SOCl2, cat. DMF,
CH2Cl2, 23 °C, 2–3 h; (vi) NaN3, DMF, 70 °C, 16–18 h; (vii) Zn(OAc)2∙2H2O, imidazole, 160 °C,
16 h.
To verify this, two sequence-defined PBIs with symmetric dendrons containing chiral (S)-3,7dimethyloctyl chains were prepared: S8S-PBI and 8S8-PBI. Their synthesis proceeded from C8-4
and C8-8 (Scheme 5.1) under comparable conditions to the racemic compounds (Scheme 5.2).
Thermal analysis of homochiral S8S- and 8S8-PBI is, within experimental error, identical to that of
r8r- and 8r8-PBI (Figure 5.12a). Structural analysis by XRD confirms that the same sequence of
phases is generated in the homochiral and racemic compounds, including the cogwheel Φhk2 phase
(Figure 5.12b to 5.12e). These results demonstrate that the ability of rrr- and SSS-PBI to exhibit
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chirality-invariant self-assembly is also valid for PBIs with symmetric sequence-defined linear-chiral
dendrons.

Figure 5.12. Comparison of PBIs with linear-racemic and linear-homochiral hybrid dendrons. (a)
DSC traces of (top) r8r-PBI and (bottom) S8S-PBI recorded upon second heating and cooling. (b)
Experimental oriented fiber XRD of (left) r8r-PBI and (right) S8S-PBI. (c) DSC traces of (top)
8r8-PBI and (bottom) 8S8-PBI recorded upon second heating and cooling. (d) Experimental
oriented fiber XRD of (left) 8r8-PBI and (right) 8S8-PBI. On DSC plots (a, c), phases determined
by XRD, transition temperatures (in °C), and associated enthalpy changes (in parentheses, in
kcal/mol) are indicated. On XRD patterns (b, d), fiber axis, temperature, phase, and lattice
parameters are indicated.
Circular dichroism (CD) spectroscopy allows investigation of the formation of chiral supramolecular
structures in solution and in thin film. Thin film CD spectra of sequence-defined S8S- and 8S8-PBI
were recorded and compared with SSS-PBI (Figure 5.13). Homochiral SSS-PBI and sequencedefined 8S8-PBI exhibit almost identical CD spectra, indicating that their supramolecular structures
in bulk are closely related. In contrast, the thin film of S8S-PBI exhibits a weaker CD signal with
opposite sign. Notably, the maxima and minima in the CD signal of S8S-PBI are the same as those
of SSS- and 8S8-PBI, such that the spectra are mirror images of each other, albeit with differing
intensity. This relationship between the CD spectra – identical maxima and minima with opposite
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polarity – is indicative of identical, mirror image supramolecular structures, such as the formation
of left- and right-handed versions of the same helical column. The molecular basis of this
observation is not yet fully understood.

Figure 5.13. Circular dichroism (CD) spectra of thin films of SSS-, 8S8-, and S8S-PBI. Films were
spun-cast from methylcyclohexane/n-butanol (85:15 v/v) solution containing 2% w/v of PBI. The
absence of linear dichroism was verified by recording identical CD spectra with a film rotated by
90°.

5.3

Conclusions

The cogwheel model enables the generation of identical, highly ordered hexagonal crystals
irrespective of the chirality of their constituent building blocks. The synthesis, structural analysis,
and retrostructural analysis of a family of hybrid PBIs has provided a more detailed understanding
of this cogwheel model, which has been shown to be more nuanced than originally proposed.
Incorporation of alkyl chains into the dendrons enhances the ability of the dendronized PBI to form
the cogwheel Φhk2 phase, enabling its formation via fast heating at 10 °C/min and removing the
need for annealing periods at elevated temperature. These hybrids all exhibit the Φhk2 phase but
both the composition and sequence of the dendrons impacts their kinetic and thermal stability, with
isotropization temperature spanning a range of almost 30 °C. The importance of sequence is well
recognized in proteins, and this work starts to address the role of sequence in chiral supramolecular
systems. A simulation library approach was developed to screen alkyl chain conformations in these
assemblies and demonstrated subtle features of the cogwheel model that had not before been
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understood, including the twist of the dendron phenyl ring, torsional conformations in linear and
branched chains, and intercolumnar interdigitation. Solid state NMR studies not only supported the
modeling studies but also brought additional insights into the dynamics of these assemblies,
demonstrating that the alkyl chains drive assembly of the Φhk2 phase. Finally, comparison of
racemic and homochiral hybrids by XRD and CD spectroscopy suggests that these structural
insights apply also to PBIs with homochiral sequence-defined dendrons. Thus this work not only
exemplifies a homochiral PBI which, with only two chiral methyl groups per molecule, can selfassemble without annealing into the cogwheel Φhk2 phase, but it also provides insights for the
design of additional cogwheel structures with tunable thermal stability. Additional work is needed
to address the tolerance of the cogwheel model to other functional groups, including ethers, esters,
amides, and fluorinated alkyl chains. Furthermore, the simulation library approached here provides
a tool for understanding alkyl chain conformations in supramolecular assemblies.

5.4

Experimental Section

5.4.1

Materials

Methyl gallate (1) was prepared by Fisher esterification of gallic acid (Chem Impex) with methanol.
Thionyl chloride (99.5%), LiAlH4 (95%), K2CO3, aluminum oxide (activated, basic, Brockmann I,
standard grade, 150 mesh, 58 Å) (all from Aldrich), and silica gel (60 Å, 32-63 m) (Sorbent
Technology) were used as received. Dichloromethane (Fisher, ACS reagent grade) was refluxed
over CaH2 and freshly distilled before use. THF (Fisher, ACS reagent grade) was refluxed over
sodium/benzophenone until the solution turned purple and distilled before use. All other chemicals
were commercially available and were used as received.
5.4.2

Techniques

Solution NMR. 1H NMR (500 MHz) and

13C

NMR (125 MHz) spectra were recorded on a Bruker

DRX 500 instrument at 300 K using the indicated solvent.
HPLC. The purity of the products was determined by a combination of thin-layer chromatography
(TLC) on silica gel coated aluminum plates (with F254 indicator; layer thickness, 200 m; particle
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size, 2-25 m; pore size 60Å, SIGMA-Aldrich) and high pressure liquid chromatography (HPLC)
using THF as mobile phase at 1 mL/min, on a Shimadzu LC-10AT high pressure liquid
chromatograph equipped with a Perkin Elmer LC-100 oven (40 °C), containing two Perkin-Elmer
PL gel columns of 5 × 102 and 1 × 104 Å, a Shimadzu SPD-10A UV detector ( = 254 nm), a
Shimadzu RID-10A RI-detector, and a PE Nelson Analytical 900 Series integrator data station.
Differential scanning calorimetry (DSC). Thermal transitions were determined on a TA Instruments
Q100 differential scanning calorimeter (DSC) equipped with a refrigerated cooling system with
10 °C min-1 heating and cooling rates. Indium was used as calibration standard. The transition
temperatures were calculated as the maxima and minima of their endothermic and exothermic
peaks.

An Olympus BX51 optical microscope (100× magnification) equipped with a Mettler

FP82HT hot stage and a Mettler Toledo FP90 Central Processor was used to verify thermal
transitions. Melting points were measured using a uni-melt capillary melting point apparatus (Arthur
H. Thomas Company) and were uncorrected.
Density measurements. A small extruded fiber (~1.0 mg) was placed in a vial filled with water. The
sample sank to the bottom of the vial due to its high density compared with water. A saturated
aqueous solution of sodium chloride was then added into the solution at ~0.1 g per aliquot to
gradually increase the solution density. Sodium chloride solution was added at an interval of at
least 20 min to ensure equilibrium within the solution. When the sample was suspended in the
middle of the solution, the density of the sample was identical to that of the solution, which was
measured by a 10 mL volumetric flask.
Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry. MALDITOF mass spectrometry was performed on PerSeptive Biosystems-Voyager-DE (Framingham,
MA) mass spectrometer equipped with a nitrogen laser (337 m) and operating in linear mode.
Internal calibration was performed using Angiotensin II, and Bombesin as standards. The analytical
samples were obtained by mixing THF solution of the sample (5–10 mg/mL), and the matrix (3,5dihydroxybenzoic acid) (10 mg/mL) in a 1:1 to 1:5 v/v ratio. The prepared solution (0.5 L) was
loaded on the MALDI plate and allowed to dry at 25 oC before the plate was inserted into the
192

vacuum chamber of the MALDI instrument. The laser steps, and voltages were adjusted depending
on the molecular weight, and the nature of each analyte.
Circular dichroism (CD) spectroscopy. Circular dichroism (CD) and UV spectroscopy
measurements were carried out in a Jasco J-720 Spectropolarimeter integrated with Thermo
Neslab RTE-111 refrigerated circulator digital temperature controller. Thin films for CD experiments
were spun-coated onto a round quartz plate (22 mm diameter) at 2500 rpm for 6 s and 7000 rpm
for 30 s, using a Chemat Technology Spin Coater KW-4A.
X-ray diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics, and triple pinhole
collimation were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a BrukerAXS Hi-Star multiwire area detector. To minimize attenuation, and background scattering, an
integral vacuum was maintained along the length of the flight tube, and within the sample chamber.
Samples were held in glass capillaries (1.0 mm in diameter), mounted in a temperature-controlled
oven (temperature precision: ± 0.1 °C, temperature range from –10 °C to 210 °C). Aligned samples
for fiber XRD experiments were prepared using a custom-made extrusion device. The powdered
sample (~10 mg) was heated inside the extrusion device. After slow cooling, the fiber was extruded
in the liquid crystal phase, and cooled to 23 °C. Typically, the aligned samples have a thickness of
0.3–0.7 mm, and a length of 3–7 mm. All XRD measurements were done with the aligned sample
axis perpendicular to the beam direction. Primary XRD analysis was performed using Datasqueeze
(version 3.0.5).
5.4.3

Synthesis

Methyl 4-(benzyloxy)-3,5-dihydroxybenzoate (2). K2CO3 (11.06 g, 80 mmol) was added to DMF
(80 mL) and the resultant suspension purged with N 2 for 30 min. To the suspension was added
methyl gallate (1) (14.73 g, 80 mmol) in one portion followed by benzyl chloride (9.21 mL, 80 mmol)
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over 5 min. The mixture was heated to 70 °C whereupon it was stirred for 12 h. After being cooled
to 23 °C, the mixture was poured into cold water (400 mL) and extracted with diethyl ether (80 mL
× 4). The combined organics were washed with water (160 mL × 2) and brine (160 mL × 2), dried
(MgSO4), filtered, and concentrated in vacuo. The wet solid was thoroughly dried under vacuum,
dissolved in a minimum volume of CH2Cl2 and the product precipitated with hexane to give 2 as a
white solid (12.94 g, 59%).
1H

NMR (500 MHz, CDCl3, δ): 7.41–7.38 (m, 5H, –OC6H5), 7.20 (s, 2H, ArH), 5.39 (s, 2H, ArOH),

5.12 (s, 2H, –OCH2Ph), 3.88 (s, 3H, –CO2CH3).

13C

NMR (126 MHz, CDCl3, δ): 166.66, 149.44,

137.51, 136.87, 128.57, 128.54, 125.72, 109.30, 51.93, 30.02.

Methyl 4-(benzyloxy)-3,5-bis(octyloxy)benzoate (C8-3). K2CO3 (1.48 g, 10.7 mmol) was added
to DMF (20 mL) and the resultant suspension purged with N 2 for 30 min. To the suspension was
added 2 (1.00 g, 2.7 mmol) followed by 1-bromooctane (0.84 mL, 5.9 mmol). The mixture was
heated to 90 °C whereupon it was stirred for 16 h. After being cooled to 23 °C, the mixture was
poured into cold water (100 mL) and extracted with ethyl acetate (50 mL × 3). The combined
organics were washed with water (80 mL × 2) and brine (80 mL × 2), dried (MgSO4), filtered, and
concentrated in vacuo. Purification by column chromatography (silica gel, 5% ethyl acetate in
hexanes) give C8-3 as a white solid (2.10 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 7.51–7.47 (m, 2H, –OC6H5), 7.35–7.31 (m 2H, –OC6H5), 7.31–7.28

(m, 1H, –OC6H5), 7.26 (s, 2H, ArH), 5.08 (s, 2H, –OCH2Ph), 4.01 (t, J = 6.5 Hz, 4H, –OCH2), 3.89
(s, 3H, –CO2CH3), 1.84–1.77 (m, 4H, –OCH2CH2), 1.51–1.43 (m, 4H, –O(CH2)2CH2), 1.39–1.23 (m,
16H, –(CH2)4–), 0.88 (t, 6H, –CH2CH3).

Methyl 4-(benzyloxy)-3,5-bis((3,7-(rac)-dimethyloctyl)oxy)benzoate (rac-3). K2CO3 (2.95 g,
21.1 mmol) was added to DMF (50 mL) and the resultant suspension purged with N 2 for 30 min.
To the suspension was added 2 (2.00 g, 5.3 mmol) followed by (rac)-1-bromo-3,7-dimethyloctane
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(2.80 g, 11.8 mmol). The mixture was heated to 90 °C whereupon it was stirred for 16 h. After being
cooled to 23 °C, the mixture was poured into cold water (100 mL) and extracted with ethyl acetate
(50 mL × 3). The combined organics were washed with water (160 mL × 2) and brine (160 mL ×
2), dried (MgSO4), filtered, and concentrated in vacuo. Purification by column chromatography
(silica gel, 5% ethyl acetate in hexanes) give rac-3 as a colorless oil (2.33 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 7.50–7.45 (m, 2H, –OC6H5), 7.36–7.31 (m, 2H, –OC6H5), 7.30–7.25

(m, 1H, –OC6H5), 7.27 (s, 2H, ArH), 5.07 (s, 2H, –OCH2Ph), 4.09–4.00 (m, 4H, –OCH2), 3.90 (s,
3H, –CO2CH3), 1.90–1.83 (m, 2H, –CH(CH3)2), 1.75–1.56 (m, 4H, –O(CH2)2CH2), 1.55–1.48 (m,
2H, –CH(CH3)CH2–), 1.37–1.11 (m, 12H, –(CH2)3–), 0.94 (d, J = 6.6 Hz, 6H, –CH3), 0.86 (d, J =
6.6 Hz, 12H, –CH(CH3)2). 13C NMR (126 MHz, CDCl3, δ): 167.05, 153.02, 137.94, 128.40, 128.26,
127.97, 125.24, 107.94, 74.96, 67.60, 52.27, 39.41, 37.49, 36.47, 29.97, 28.12, 24.86, 22.84,
22.73, 19.73.

Methyl 4-(benzyloxy)-3,5-bis((3,7-(S)-dimethyloctyl)oxy)benzoate (S-3). K2CO3 (9.07 g, 65.6
mmol) was added to DMF (25 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added 2 (3.00 g, 10.9 mmol) followed by (S)-1-bromo-3,7-dimethyloctane (5.08 g,
23.0 mmol). The mixture was heated to 80 °C whereupon it was stirred for 15 h. After being cooled
to 23 °C, the mixture was poured into cold water (125 mL) and extracted with ethyl acetate (25 mL
× 4). The combined organics were washed with water (60 mL × 2) and brine (60 mL × 2), dried
(MgSO4), filtered, and concentrated in vacuo. Purification by column chromatography (silica gel,
5% ethyl acetate in hexanes) give S-3 as a colorless oil (5.64 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 7.50–7.46 (m, 2H, –OC6H5), 7.35–7.31 (m, 2H, –OC6H5), 7.31–7.28

(m, 1H, –OC6H5), 7.27 (s, 2H, ArH), 5.07 (s, 2H, –OCH2Ph), 4.09–4.00 (m, 4H, –OCH2), 3.90 (s,
3H, –CO2CH3), 1.91–1.82 (m, 2H, –CH(CH3)2), 1.75–1.57 (m, 4H, –O(CH2)2CH2), 1.56–1.47 (m,
2H, –CH(CH3)CH2–), 1.38–1.11 (m, 12H, –(CH2)3–), 0.94 (d, J = 6.6 Hz, 6H, –CH3), 0.86 (d, J =
6.6 Hz, 12H, –CH(CH3)2). 13C NMR (126 MHz, CDCl3, δ): 166.80, 152.77, 141.58, 137.69, 128.15,
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128.02, 127.73, 124.99, 107.67, 74.72, 67.36, 52.04, 39.18, 37.26, 36.23, 29.73, 27.89, 24.64,
22.61, 22.50, 19.50.

Methyl 4-hydroxy-3,5-bis(octyloxy)benzoate (C8-4). A 250 mL round-bottomed flask was
purged with N2 and sealed with a rubber septum. Palladium on carbon (0.16 g, 10% w/w) was
added as a slurry mixed with CH 2Cl2 (20 mL). MeOH (10 mL) was subsequently added, followed
by C8-3 (1.60 g). The flask was sealed with a three-way adapter, evacuated and backfilled with H 2
five times. The mixture was stirred under H2 (balloon) at 23 °C. After 24 h, the mixture was filtered
through a Celite plug using CH2Cl2 as eluent. Evaporation of solvent in vacuo gave C8-4 as a
colorless oil (1.16 g, 88%).
1H

NMR (500 MHz, CDCl3, δ): 7.29 (s, 2H, ArH), 5.89 (s, 1H, ArOH), 4.08 (t, J = 6.7 Hz, 4H, –

OCH2), 3.89 (s, 3H, –CO2CH3), 1.87–1.78 (m, 4H, –OCH2CH2), 1.50–1.42 (m, 4H, –O(CH2)2CH2),
1.39–1.23 (m, 16H, –(CH2)4–), 0.98 (t, 6H, J = 6.7 Hz, –CH2CH3).

13C

NMR (126 MHz, CDCl3, δ):

167.09, 146.23, 139.92, 121.05, 107.85, 69.68, 52.16, 31.94, 29.46, 29.35, 29.33, 26.09, 22.79,
14.23.

Methyl 4-hydroxy-3,5-bis((3,7-(rac)-dimethyloctyl)oxy)benzoate (rac-4). A 250 mL roundbottomed flask was purged with N2 and sealed with a rubber septum. Palladium on carbon (0.23 g,
10% w/w) was added as a slurry mixed with CH 2Cl2 (30 mL). MeOH (15 mL) was subsequently
added, followed by rac-3 (2.30 g). The flask was sealed with a three-way adapter, evacuated and
backfilled with H2 five times. The mixture was stirred under H 2 (balloon) at 23 °C. After 24 h, the
mixture was filtered through a Celite plug using CH 2Cl2 as eluent. Evaporation of solvent in vacuo
gave rac-4 as a colorless oil (1.92 g, 81%).
1H

NMR (500 MHz, CDCl3, δ): 7.30 (s, 2H, ArH), 5.88 (s, 1H, ArOH), 4.17–4.07 (m 4H, –OCH2),

3.89 (s, 3H, –CO2CH3), 1.94–1.83 (m, 2H, –CH(CH3)2), 1.71–1.57 (m, 4H, –O(CH2)2CH2), 1.57–
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1.48 (m, 2H, –CH(CH3)CH2–), 1.39–1.11 (m, 12H, –(CH2)3–), 0.95 (d, J = 6.2 Hz, 6H, –CH3), 0.87
(d, J = 6.6 Hz, 12H, –CH(CH3)2).

Methyl 4-hydroxy-3,5-bis((3,7-(S)-dimethyloctyl)oxy)benzoate (S-4). A 500 mL roundbottomed flask was purged with N2 and sealed with a rubber septum. Palladium on carbon (0.28 g,
5% w/w) was added as a slurry mixed with CH2Cl2 (60 mL). MeOH (30 mL) was subsequently
added, followed by S-3 (5.64 g). The flask was sealed with a three-way adapter, evacuated and
backfilled with H2 five times. The mixture was stirred under H 2 (balloon) at 23 °C. After 24 h, the
mixture was filtered through a Celite plug using CH2Cl2 as eluent. Evaporation of solvent in vacuo
gave S-4 as a colorless oil (4.68 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 7.30 (s, 2H, ArH), 5.86 (s, 1H, ArOH), 4.17–4.07 (m 4H, –OCH2),

3.89 (s, 3H, –CO2CH3), 1.92–1.83 (m, 2H, –CH(CH3)2), 1.72–1.60 (m, 4H, –O(CH2)2CH2), 1.57–
1.48 (m, 2H, –CH(CH3)CH2–), 1.39–1.12 (m, 12H, –(CH2)3–), 0.95 (d, J = 6.3 Hz, 6H, –CH3), 0.87
(d, J = 6.6 Hz, 12H, –CH(CH3)2). 13C NMR (126 MHz, CDCl3, δ): 167.12, 146.24, 139.92, 121.06,
107.83, 68.06, 52.18, 39.36, 37.41, 36.28, 30.04, 28.12, 24.80, 22.83, 19.83.

Methyl 4-(((rac)-3,7-dimethyloctyl)oxy)-3,5-bis(octyloxy)benzoate (8r8-5). K2CO3 (0.78 g, 5.7
mmol) was added to DMF (10 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added C8-4 (1.16 g, 2.8 mmol) followed by (rac)-1-bromo-3,7-dimethyloctane
(0.69 g, 3.1 mmol). The mixture was heated to 80 °C whereupon it was stirred for 15 h. After being
cooled to 23 °C, the mixture was poured into cold water (75 mL) and extracted with ethyl acetate
(20 mL × 4). The combined organics were washed with water (50 mL × 2) and brine (50 mL × 2),
dried (MgSO4), filtered, and concentrated in vacuo. The residue was passed through a silica plug
using 10% ethyl acetate in hexanes as eluent gave 8r8-5 as a colorless oil (1.31 g, 84%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.11–4.04 (m, 2H, –OCH2 dm8*), 4.01 (t, J = 6.5

Hz, 4H, –OCH2 C8), 3.89 (s, 3H, –CO2CH3), 1.86–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2
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C8), 1.76–1.67 (m, 1H, –CH(CH3)CH2–), 1.58–1.43 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–
1.11 (m, 22H, –(CH2)3– dm8* and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.84
(m, 12H, –CH(CH3)2 dm8* and –CH2CH3 C8).

Methyl 3,5-bis(((rac)-3,7-dimethyloctyl)oxy)-4-(octyloxy)benzoate (r8r-5). K2CO3 (1.13 g, 8.2
mmol) was added to DMF (30 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added rac-4 (1.90 g, 4.1 mmol) followed by 1-bromooctane (0.69 mL, 4.9 mmol).
The mixture was heated to 90 °C whereupon it was stirred for 16 h. After being cooled to 23 °C,
the mixture was poured into cold water (125 mL) and extracted with ethyl acetate (50 mL × 3). The
combined organics were washed with water (100 mL × 2) and brine (100 mL × 2), dried (MgSO4),
filtered, and concentrated in vacuo. Purification by column chromatography (silica gel, 0–5% ethyl
acetate in hexanes) gave r8r-5 as a colorless oil (1.90 g, 76%).
1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.09–3.96 (m, 6H, –OCH2 dm8* and C8), 3.89 (s,

3H, –CO2CH3), 1.92–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.76–1.67 (m, 4H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C8), 1.65–1.41 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.10 (m, 20H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.94 (d, J = 6.5 Hz, 6H, –CH3 dm8*), 0.90–0.81 (m, 15H, –CH(CH3)2 dm8* and
–CH2CH3 C8).

Methyl 3,4-bis(((rac)-3,7-dimethyloctyl)oxy)-5-(octyloxy)benzoate (rr8-5). K2CO3 (3.73 g,
27.0 mmol) was added to DMF (25 mL) and the resultant suspension purged with N 2 for 30 min.
To the suspension was added C8-8 (2.00 g, 6.8 mmol) followed by (rac)-1-bromo-3,7dimethyloctane (3.28 g, 14.9 mmol). The mixture was heated to 70 °C whereupon it was stirred for
20 h. After being cooled to 23 °C, the mixture was poured into cold water (150 mL) and extracted
with ethyl acetate (30 mL × 4). The combined organics were washed with water (60 mL × 2) and
brine (60 mL × 2), dried (MgSO4), filtered, and concentrated in vacuo. Purification by column

198

chromatography (silica gel, 5% ethyl acetate in hexanes) gave rr8-5 as a colorless oil (3.60 g,
93%).
1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.11–3.98 (m, 6H, –OCH2 dm8* and C8), 3.89 (s,

3H, –CO2CH3), 1.92–1.77 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.75–1.66 (m, 2H, –
CH(CH3)2 dm8*), 1.55–1.43 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–1.10 (m, 20H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.95 (d, J = 6.6 Hz, 3H, –CH3 dm8*(a)), 0.92 (d, J = 6.6 Hz, 3H, –CH3
dm8*(b)), 0.90–0.84 (m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ):
167.10, 152.99, 142.53, 124.82, 108.15, 71.87, 69.32, 67.64, 52.25, 39.51, 39.42, 37.64, 37.49,
37.47, 36.47, 31.98, 29.99, 29.80, 29.51, 29.43, 28.14, 26.24, 24.89, 24.87, 22.85, 22.75, 19.78,
19.71, 14.24.

Methyl 3-(((rac)-3,7-dimethyloctyl)oxy)-4,5-bis(octyloxy)benzoate (88r-5). K2CO3 (4.26 g,
30.8 mmol) was added to DMF (30 mL) and the resultant suspension purged with N 2 for 30 min.
To the suspension was added rac-8 (2.50 g, 7.7 mmol) followed by 1-bromooctane (2.93 mL, 17.0
mmol). The mixture was heated to 70 °C whereupon it was stirred for 18 h. After being cooled to
23 °C, the mixture was poured into cold water (150 mL) and extracted with ethyl acetate (30 mL ×
4). The combined organics were washed with water (60 mL × 2) and brine (60 mL × 2), dried
(MgSO4), filtered, and concentrated in vacuo. Purification by column chromatography (silica gel,
5% ethyl acetate in hexanes) gave 88r-5 as a colorless oil (4.01 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.09–4.03 (m, 2H, –OCH2 dm8*), 4.01 (t, J = 6.7

Hz, 4H, –OCH2 C8), 3.89 (s, 3H, –CO2CH3), 1.91–1.65 (m, 5H, –CH(CH3)CH2– dm8* and –
OCH2CH2 C8), 1.65–1.58 (m, 1H, –CH(CH3)2 dm8*), 1.56–1.43 (m, 6H, –O(CH2)2CH2 dm8* and
C8), 1.41–1.19 (m, 22H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 3H, –CH3 dm8*),
0.92–0.84 (m, 12H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 167.10,

152.98, 142.54, 124.81, 108.17, 73.62, 69.33, 67.65, 52.24, 39.41, 37.47, 36.47, 32.05, 31.98,
30.48, 29.98, 29.66, 29.50, 29.46, 29.43, 28.14, 26.23, 26.20, 24.88, 22.84, 22.82, 22.74, 19.76,
14.24.
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Methyl 4-(((S)-3,7-dimethyloctyl)oxy)-3,5-bis(octyloxy)benzoate (8S8-5). K2CO3 (1.29 g, 9.3
mmol) was added to DMF (20 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added C8-4 (1.90 g, 4.7 mmol) followed by (S)-1-bromo-3,7-dimethyloctane
(1.13 g, 5.1 mmol). The mixture was heated to 80 °C whereupon it was stirred for 14 h. After being
cooled to 23 °C, the mixture was poured into cold water (100 mL) and extracted with ethyl acetate
(20 mL × 4). The combined organics were washed with water (50 mL × 2) and brine (50 mL × 2),
dried (MgSO4), filtered, and concentrated in vacuo. The residue was passed through a silica plug
using 5–10% ethyl acetate in hexanes as eluent gave 8S8-5 as a colorless oil (2.49 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.15–4.03 (m, 2H, –OCH2 dm8*), 4.01 (t, J = 6.5

Hz, 4H, –OCH2 C8), 3.89 (s, 3H, –CO2CH3), 1.86–1.77 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2
C8), 1.76–1.67 (m, 1H, –CH(CH3)CH2–), 1.58–1.43 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–
1091 (m, 22H, –(CH2)3– dm8* and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.85
(m, 12H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 167.10, 153.00,

142.55, 124.83, 108.16, 71.88, 69.33, 52.24, 39.51, 37.64, 37.49, 31.98, 29.81, 28.15, 26.24,
24.87, 22.84, 22.75, 19.70, 14.24.

Methyl 3,5-bis(((S)-3,7-dimethyloctyl)oxy)-4-(octyloxy)benzoate (S8S-5). K2CO3 (1.38 g, 10.0
mmol) was added to DMF (20 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added S-4 (2.32 g, 5.0 mmol) followed by 1-bromooctane (0.95 mL, 5.5 mmol).
The mixture was heated to 80 °C whereupon it was stirred for 16 h. After being cooled to 23 °C,
the mixture was poured into cold water (100 mL) and extracted with ethyl acetate (20 mL × 4). The
combined organics were washed with water (50 mL × 2) and brine (50 mL × 2), dried (MgSO4),
filtered, and concentrated in vacuo. Purification by column chromatography (silica gel, 5% ethyl
acetate in hexanes) gave S8S-5 as a colorless oil (2.83 g, 98%).
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1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.07–3.98 (m, 6H, –OCH2 dm8* and C8), 3.89 (s,

3H, –CO2CH3), 1.91–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.66 (m, 4H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C8), 1.65–1.43 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.12 (m, 20H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.95 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.88 (t, 3H, –CH2CH3 C8), 0.87 (d, J = 6.6
Hz, 12H, –CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ): 167.09, 152.97, 142.52, 124.80,

108.11, 73.60, 67.63, 52.24, 39.41, 37.46, 36.47, 32.05, 30.48, 29.98, 29.66, 29.50, 28.14, 26.20,
24.88, 22.84, 22.74, 19.76, 14.25.

Methyl 2-ethoxy-7-hydroxybenzo[d][1,3]dioxole-5-carboxylate (6). A 1 L round-bottomed flask
was charged with methyl gallate (1) (10.0 g, 54.3 mmol), Amberlyst 15 (270 mg, 5 mg/mmol 1) and
toluene (260 mL). Triethyl orthoformate (27.1 mL, 163 mmol) was added. The flask was fitted with
a Dean-Stark apparatus and the mixture heated at reflux for 18 h (at which point 10 mL of
condensate had been collected in the Dean-Stark trap). The mixture was allowed to cool to 23 °C
and was passed through a Celite plug to remove Amberlyst. The filtrate was concentrated in vacuo
and the resultant residue was purified by column chromatography (silica gel, 30–40 % ethyl acetate
in hexanes) to give crude product as a white powder. Recrystallization from a mixture of CH 2Cl2
and hexane (4:1 v/v, 80 mL) gave 6 as a white solid (11.45 g, 88%).
1H

NMR (500 MHz, CDCl3, δ): 7.33 (d, J = 1.6 Hz, 1H, ArH), 7.12 (d, J = 1.6 Hz, 1H, ArH), 6.95 (s,

1H, –C(H)OEt), 3.86 (s, 3H, –OCH3), 3.75 (t, 2H, J = 7.1 Hz, –OCH2CH3), 1.26 (t, J = 7.1 Hz, 3H,
–CH3).

13C

NMR (126 MHz, CDCl3, δ): 166.36, 147.23, 144.56, 139.70, 124.18, 119.83, 113.84,

109.34, 59.44, 51.91, 14.72.

Methyl 2-ethoxy-7-(octyloxy)benzo[d][1,3]dioxole-5-carboxylate (C8-7). K2CO3 (4.37 g, 31.6
mmol) was added to DMF (30 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added 6 (3.80 g, 15.8 mmol) followed by 1-bromooctane (3.00 mL, 17.4 mmol).
The mixture was heated to 70 °C whereupon it was stirred for 16 h. After being cooled to 23 °C,
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the mixture was poured into cold water (150 mL) and extracted with ethyl acetate (30 mL × 4). The
combined organics were washed with water (60 mL × 2) and brine (60 mL × 2), dried (MgSO4),
filtered, and concentrated in vacuo. Purification by column chromatography (silica gel, 5% ethyl
acetate in hexanes) give C8-7 as a colorless oil (5.32 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 7.34 (s, 1H, ArH), 7.23 (s, 1H, ArH), 6.94 (s, 1H, –C(H)OEt), 4.11 (t,

J = 6.6 Hz, 2H, –OCH2), 3.88 (s, 3H, –OCH3), 3.75 (t, 2H, J = 7.1 Hz, –OCH2CH3), 1.81 (tt, J = 6.8,
6.8 Hz, 2H, –OCH2CH2), 1.45 (tt, J = 7.5, 7.5 Hz, 2H, –O(CH2)2CH2), 1.39–1.29 (m, 8H, –(CH2)4–),
1.26 (t, J = 7.1 Hz, 3H, –CH3), 0.89 (t, J = 6.5 Hz, 3H, –CH3). 13C NMR (126 MHz, CDCl3, δ): 166.60,
147.21, 142.32, 138.29, 124.36, 120.12, 111.25, 103.37, 69.86, 59.72, 52.30, 31.95, 29.46, 29.37,
26.02, 22.80, 14.94, 14.23.

Methyl 7-(((rac)-3,7-dimethyloctyl)oxy)-2-ethoxybenzo[][1,3]dioxole-5-carboxylate (rac-7).
K2CO3 (4.04 g, 29.2 mmol) was added to DMF (30 mL) and the resultant suspension purged with
N2 for 30 min. To the suspension was added 6 (3.50 g, 14.6 mmol) followed by (rac)-1-bromo-3,7dimethyloctane (3.54 g, 16.0 mmol). The mixture was heated to 70 °C whereupon it was stirred for
16 h. After being cooled to 23 °C, the mixture was poured into cold water (150 mL) and extracted
with ethyl acetate (30 mL × 4). The combined organics were washed with water (60 mL × 2) and
brine (60 mL × 2), dried (MgSO4), filtered, and concentrated in vacuo. Purification by column
chromatography (silica gel, 0–5% ethyl acetate in hexanes) give rac-7 as a colorless oil (3.63 g,
66%).
1H

NMR (500 MHz, CDCl3, δ): 7.34 (s, 1H, ArH), 7.23 (s, 1H, ArH), 6.94 (s, 1H, –C(H)OEt), 4.20–

4.10 (m, 4H, –OCH2), 3.88 (s, 3H, –OCH3), 3.75 (q, 2H, J = 6.9 Hz, –OCH2CH3), 1.90–1.80 (m, 1H,
–CH(CH3)2), 1.72–1.57 (m, 2H, –O(CH2)2CH2), 1.57–1.48 (m, 1H, –CH(CH3)CH2–), 1.38–1.22 (m,
6H, –(CH2)3–), 1.21–1.11 (t, J = 7.1 Hz, 3H), 0.95 (d, J = 6.4 Hz, 3H, –CH3), 0.87 (d, J = 6.7 Hz,
6H, –CH(CH3)2). 13C NMR (126 MHz, CDCl3, δ): 166.62, 147.22, 142.33, 138.31, 124.36, 120.13,
111.23, 103.39, 68.21, 59.72, 52.32, 39.38, 37.41, 36.29, 29.92, 28.12, 24.78, 22.84, 22.74, 19.82,
14.95.
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Methyl 3,4-dihydroxy-5-(octyloxy)benzoate (C8-8). Acetal protected ester C8-7 (5.32 g, 15.1
mmol) was dissolved in MeOH (75 mL). HCl (2 M aq., 15 mL) was added to the solution, which was
then stirred at 23 °C for 2 h. The reaction mixture was neutralized with aq. NH 3 until its pH was
above 7 and was then extracted with CH2Cl2 (150 mL × 3). The combined organics were dried
(Na2SO4), filtered, and concentrated in vacuo to give C8-8 as an off-white solid (4.08 g, 91%).
1H

NMR (500 MHz, CDCl3/DMSO-d6 (1:1 v/v), δ): 7.29 (s, 1H, ArH), 7.18 (s, 1H, ArH), 7.02 (br s,

2H, ArOH), 4.07 (t, J = 6.6 Hz, 2H, –OCH2), 3.86 (s, 3H, –OCH3), 1.81 (tt, J = 6.9, 6.9 Hz, 2H, –
OCH2CH2), 1.46 (tt, J = 7.0, 7.0 Hz, 2H, –O(CH2)2CH2), 1.40–1.23 (m, 8H, –(CH2)4–), 0.89 (t, J =
6.7 Hz, 3H, –CH3). 13C NMR (126 MHz, CDCl3, δ): 166.65, 146.12, 143.88, 137.80, 120.87, 110.48,
105.56, 69.04, 51.53, 31.51, 30.48, 29.05, 28.93, 28.90, 25.64, 22.34, 13.73.

Methyl 3,4-dihydroxy-5-(((rac)-3,7-dimethyloctyl)oxy)benzoate (rac-8). Acetal protected ester
rac-7 (3.61 g, 9.48 mmol) was dissolved in MeOH (50 mL). HCl (2 M aq., 10 mL) was added to the
solution, which was then stirred at 23 °C for 1 h. An additional portion of HCl (2 M aq., 5 mL) was
added and the reaction mixture stirred for an additional 30 min. The mixture was neutralized with
aq. NH3 until its pH was above 7 and was then extracted with CH 2Cl2 (100 mL × 3). The combined
organics were dried (Na2SO4), filtered, and concentrated in vacuo to give C8-8 as an off-white solid
(2.86 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 7.33 (d, J = 1.8 Hz, 1H, ArH), 7.20 (d, J = 1.8 Hz, 1H, ArH), 5.87 (s,

1H, ArOH), 5.51 (s, 1H, ArOH), 4.16–4.06 (m, 2H, –OCH2), 3.88 (s, 3H, –OCH3), 1.89–1.80 (m,
1H, –CH(CH3)2), 1.69–1.57 (m, 2H, –O(CH2)2CH2), 1.57–1.48 (m, 1H, –CH(CH3)CH2–), 1.37–1.11
(m, 6H, –(CH2)3–), 0.95 (d, J = 6.3 Hz, 3H, –CH3), 0.87 (d, J = 6.6 Hz, 6H, –CH(CH3)2). 13C NMR
(126 MHz, CDCl3, δ): 166.87, 145.74, 143.28, 136.85, 121.65, 110.71, 105.51, 67.72, 51.98, 39.10,
37.12, 36.01, 29.79, 27.87, 24.56, 22.58, 22.48, 19.55.
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General procedure for preparation of minidendron alcohols 9. Minidendron ester 5 (1.0 eq)
was dissolved in THF (~0.20 M) and the solution cooled to 0 °C under N2. LiAlH4 (x g, 1.5 or 2 eq)
was added portionwise with stirring. The mixture was allowed to warm to 23 °C whereupon it was
stirred for 1–3 h. The mixture was quenched by cautious successive addition of H 2O (x mL), NaOH
solution (15% aq., x mL), and H2O (3x mL) and stirred at 23 °C for 15 min. The granular lithium
salts and excess water were removed by filtration through Celite and basic alumina, respectively,
using THF as eluent. Evaporation in vacuo gave alcohol 9, which was used in the next step without
further purification.

(4-(((rac)-3,7-Dimethyloctyl)oxy)-3,5-bis(octyloxy)phenyl)methanol (8r8-9). From 8r8-5 (1.31
g, 2.4 mmol) and LiAlH4 (0.18 g, 4.8 mmol) stirred in THF (25 mL) at 23 °C for 2 h, 8r8-9 was
obtained as a colorless oil (1.20 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (s, 2H, ArH), 4.59 (d, J = 5.7 Hz, 2H, –CH2OH), 4.03–3.92 (m,

6H, –OCH2 dm8* and C8), 1.88–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.66 (m,
1H, –CH(CH3)CH2–), 1.58–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–1.10 (m, 22H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.84 (m, 12H, –CH(CH3)2 dm8*
and –CH2CH3 C8).

(3,5-bis(((rac)-3,7-Dimethyloctyl)oxy)-4-(octyloxy)phenyl)methanol (r8r-9). From r8r-5 (1.90 g,
3.2 mmol) and LiAlH4 (0.17 g, 4.5 mmol) stirred in THF (15 mL) at 23 °C for 2 h, r8r-9 was obtained
as a colorless oil (1.80 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (s, 2H, ArH), 4.60 (d, J = 4.9 Hz, 2H, –CH2OH), 4.05–3.98 (m,

4H, –OCH2 dm8*), 3.92 (t, J = 6.6 Hz, 2H, –OCH2 C8), 1.88–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–
1.62 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.61–1.40 (m, 6H, –O(CH2)2CH2 dm8* and
C8), 1.38–1.09 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.7 Hz, 6H, –CH3 dm8*),
0.91–0.84 (m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).
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(3,4-Bis(((rac)-3,7-dimethyloctyl)oxy)-5-(octyloxy)phenyl)methanol (rr8-9). From rr8-5 (3.60 g,
6.2 mmol) and LiAlH4 (0.47 g, 12.5 mmol) stirred in THF (30 mL) at 23 °C for 2.5 h, rr8-9 was
obtained as a colorless oil (3.39 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (overlapping s, 2H, ArH), 4.59 (d, J = 3.7 Hz, 2H, –CH2OH),

4.05–3.92 (m, 6H, –OCH2 dm8* and C8), 1.89–1.75 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2
C8), 1.74–1.66 (m, 2H, –CH(CH3)2 dm8*), 1.64–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–
1.10 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.93 (overlapping d, J = 6.6 Hz, 6H, –CH3 dm8*),
0.90–0.85 (m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.44,

137.76, 136.20, 105.50, 71.82, 69.26, 68.11, 67.56, 65.82, 39.53, 39.43, 37.68, 37.50, 36.58,
31.98, 30.47, 29.99, 29.87, 28.14, 26.25, 25.75, 24.87, 22.85, 22.81, 22.76, 22.74, 19.77, 19.73,
14.23.

(3-(((rac)-3,7-Dimethyloctyl)oxy)-4,5-bis(octyloxy)phenyl)methanol

(88r-9).

From

88r-5

(4.01 g, 7.3 mmol) and LiAlH4 (0.61 g, 16.1 mmol) stirred in THF (25 mL) at 23 °C for 2 h, 88r-9
was obtained as a colorless oil (3.67 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (overlapping s, 2H, ArH), 4.60 (d, J = 5.8 Hz, 2H, –CH2OH),

4.12–3.99 (m, 2H, –OCH2 dm8*), 3.97 (t, J = 6.6 Hz, 2H, –OCH2 C8(a)), 3.93 (t, J = 6.6 Hz, 2H, –
OCH2 C8(b)), 1.88–1.65 (m, 5H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.57 (m, 1H, –
CH(CH3)2 dm8*), 1.55–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.38–1.11 (m, 22H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.90–0.86 (m, 12H, –CH(CH3)2 dm8*
and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.45, 137.80, 136.15, 105.56, 73.57, 69.29,

68.13, 65.86, 39.44, 37.49, 36.60, 32.07, 31.99, 30.49, 29.99, 29.72, 29.58, 29.52, 29.45, 28.15,
25.77, 24.89, 22.85, 22.83, 22.75, 19.77, 14.26.
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(4-(((S)-3,7-Dimethyloctyl)oxy)-3,5-bis(octyloxy)phenyl)methanol (8S8-9). From 8S8-5 (2.49
g, 4.5 mmol) and LiAlH4 (0.34 g, 9.1 mmol) stirred in THF (25 mL) at 23 °C for 4 h, 8r8-9 was
obtained as a white solid (2.26 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (s, 2H, ArH), 4.59 (d, J = 5.5 Hz, 2H, –CH2OH), 4.03–3.91 (m,

6H, –OCH2 dm8* and C8), 1.87–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.76–1.66 (m,
1H, –CH(CH3)CH2–), 1.60–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.38–1.10 (m, 22H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.85 (m, 12H, –CH(CH3)2 dm8*
and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.45, 137.79, 136.18, 105.51, 71.83, 69.27,

65.84, 39.53, 37.68, 37.50, 31.99, 29.87, 28.15, 26.26, 24.88, 22.82, 22.76, 19.72, 14.24.

(3,5-bis(((S)-3,7-Dimethyloctyl)oxy)-4-(octyloxy)phenyl)methanol (S8S-9). From S8S-5 (2.83
g, 4.9 mmol) and LiAlH4 (0.37 g, 9.4 mmol) stirred in THF (25 mL) at 23 °C for 3 h, S8S-9 was
obtained as a colorless oil (2.63 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.60 (d, J = 4.8 Hz, 2H, –CH2OH), 4.06–3.96 (m,

4H, –OCH2 dm8*), 3.92 (t, J = 6.6 Hz, 2H, –OCH2 C8), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–
1.63 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.63–1.42 (m, 6H, –O(CH2)2CH2 dm8* and
C8), 1.38–1.10 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*),
0.91–0.84 (m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.45,

137.78, 136.17, 105.51, 73.55, 68.12, 65.84, 39.43, 37.48, 36.60, 32.07, 30.49, 29.99, 29.72,
29.53, 28.14, 26.29, 24.88, 22.85, 22.75, 19.76, 14.25.

General procedure for preparation of minidendron chlorides 10. Minidendron alcohol 9 (1.0
eq) was dissolved in CH2Cl2 (~0.25 M). A catalytic amount of DMF (one drop) was added and the
solution cooled to 0 °C under N2. SOCl2 (1.5 eq) was separately dissolved in CH2Cl2 (~ 5 mL), and
the solution added dropwise to the cold alcohol solution. The mixture was allowed to warm to 23
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°C whereupon it was stirred for 1–2 h. The mixture was quenched by addition of H2O (1 mL), stirred
vigorously at 23 °C for 10 min, and then the organic solvent was removed in vacuo. The residue
was taken up in diethyl ether (25 mL), washed with water (15 mL) and brine (15 mL), dried (MgSO4),
filtered, and concentrated in vacuo to give chloride 10, which was used in the next step without
further purification.

5-(Chloromethyl)-2-(((rac)-3,7-dimethyloctyl)oxy)-1,3-bis(octyloxy)benzene (8r8-10). From
8r8-9 (1.20 g, 2.3 mmol) in CH2Cl2 (10 mL) and SOCl2 (0.25 mL, 3.5 mmol) in CH2Cl2 (5 mL) at
23 °C for 1.5 h, 8r8-10 was obtained as a light yellow oil (1.19 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.12–3.73 (m, 6H, –OCH2

dm8* and C8), 1.86–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.66 (m, 1H, –
CH(CH3)CH2–), 1.57–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.10 (m, 22H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.92 (d, J = 6.7 Hz, 3H, –CH3 dm8*), 0.90–0.84 (m, 12H, –CH(CH3)2 dm8* and
–CH2CH3 C8).

5-(Chloromethyl)-1,3-bis(((rac)-3,7-dimethyloctyl)oxy)-2-(octyloxy)benzene (r8r-10). From
r8r-9 (1.84 g, 3.4 mmol) in CH2Cl2 (15 mL) and SOCl2 (0.36 mL, 5.0 mmol) in CH2Cl2 (5 mL) at
23 °C for 2 h, r8r-10 was obtained as a light yellow oil (1.58 g, 90%).
1H

NMR (500 MHz, CDCl3, δ): 6.58 (s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.65–3.98 (m, 4H, –OCH2

dm8*), 3.92 (t, J = 6.6 Hz, 2H, –OCH2 C8), 1.88–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.76–1.67 (m, 4H,
–CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.42 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–
1.12 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.92–0.84
(m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).
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5-(Chloromethyl)-1,2-bis(((rac)-3,7-dimethyloctyl)oxy)-3-(octyloxy)benzene (rr8-10). From
rr8-9 (3.39 g, 6.2 mmol) in CH2Cl2 (25 mL) and SOCl2 (0.67 mL, 9.3 mmol) in CH2Cl2 (3.5 mL) at
23 °C for 1 h, rr8-10 was obtained as a light yellow oil (3.32 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (overlapping s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.05–3.90 (m,

6H, –OCH2 dm8* and C8), 1.89–1.76 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.76–1.64
(m, 2H, –CH(CH3)2 dm8*), 1.64–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.09 (m, 20H, –
(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.7 Hz, 3H, –CH3 dm8*(a)), 0.92 (d, J = 6.6 Hz, 3H, –
CH3 dm8*(b)), 0.90–0.84 (m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3,
δ): 153.38, 138.50, 132.47, 107.24, 71.85, 69.30, 67.61, 66.00, 59.95, 47.14, 39.53, 39.43, 37.67,
37.50, 37.49, 36.54, 31.99, 29.99, 29.86, 28.14, 26.25, 24.87, 22.86, 22.82, 22.76, 22.75, 19.78,
19.73, 15.42, 14.24.

5-(Chloromethyl)-1-(((rac)-3,7-dimethyloctyl)oxy)-2,3-bis(octyloxy)benzene (88r-10). From
88r-9 (3.67 g, 7.1 mmol) in CH2Cl2 (30 mL) and SOCl2 (0.77 mL, 10.6 mmol) in CH2Cl2 (4 mL) at
23 °C for 1 h, 88r-10 was obtained as a light yellow oil (3.66 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (overlapping s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.05–3.90 (m,

6H, –OCH2 dm8* and C8), 1.89–1.66 (m, 5H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.63–1.56
(m, 1H, –CH(CH3)2 dm8*), 1.55–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.11 (m, 22H, –
(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.85 (m, 12H, –
CH(CH3)2 dm8* and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 153.38, 138.50, 132.46, 107.27,
73.59, 69.31, 67.62, 66.00, 47.14, 39.42, 37.48, 36.55, 32.06, 31.98, 30.48, 29.98, 29.70, 28.14,
26.26, 26.24, 24.88, 22.85, 22.82, 22.74, 19.77.
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5-(Chloromethyl)-2-(((S)-3,7-dimethyloctyl)oxy)-1,3-bis(octyloxy)benzene

(8S8-10).

From

8S8-9 (2.26 g, 4.3 mmol) in CH2Cl2 (20 mL) and SOCl2 (0.47 mL, 6.5 mmol) in CH2Cl2 (5 mL) at
23 °C for 1.5 h, 8S8-10 was obtained as a colorless oil (2.18 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.04–3.91 (m, 6H, –OCH2

dm8* and C8), 1.86–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.64 (m, 1H, –
CH(CH3)CH2–), 1.57–1.43 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.10 (m, 22H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.85 (m, 12H, –CH(CH3)2 dm8* and
–CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 153.39, 132.47, 119.74, 107.28, 71.87, 69.33, 47.14,
39.54, 37.51, 31.99, 29.88, 28.16, 26.25, 24.88, 22.86, 22.83, 22.77, 19.73, 14.24.

5-(Chloromethyl)-1,3-bis(((S)-3,7-dimethyloctyl)oxy)-2-(octyloxy)benzene

(S8S-10).

From

S8S-9 (2.62 g, 4.8 mmol) in CH2Cl2 (20 mL) and SOCl2 (0.52 mL, 7.2 mmol) in CH2Cl2 (5 mL) at
23 °C for 3 h, S8S-10 was obtained as a light yellow oil (2.62 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 6.58 (s, 2H, ArH), 4.52 (s, 2H, –CH2Cl), 4.05–3.96 (m, 4H, –OCH2

dm8*), 3.93 (t, J = 6.6 Hz, 2H, –OCH2 C8), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.76–1.66 (m, 4H,
–CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.38–
1.11 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.91–0.85
(m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.36, 138.48,

132.45, 107.22, 73.56, 67.61, 47.13, 39.42, 37.48, 36.55, 32.07, 30.48, 29.98, 29.70, 29.52, 28.14,
26.27, 24.89, 22.85, 22.75, 19.77, 14.26.

General procedure for preparation of minidendron azides 11. Minidendron chloride 10 (1.0 eq)
and sodium azide (2 eq.) were added to DMF (x mL, ~0.2 M) under N2. The mixture was heated to
70–90 °C whereupon it was stirred for 12–16 h. After being cooled to 23 °C, the mixture was poured
into cold water (5x mL) and extracted with ethyl acetate (2x mL × 2). The combined organics were
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washed with water (4x mL × 2) and brine (4x mL × 2), dried (MgSO4), filtered, and concentrated in
vacuo to give azide 11, which was used in the next step without further purification.

5-(Azidomethyl)-2-(((rac)-3,7-dimethyloctyl)oxy)-1,3-bis(octyloxy)benzene

(8r8-11).

From

8r8-10 (1.18 g, 2.2 mmol) and NaN3 (0.28 g, 4.4 mmol) in DMF (10 mL) at 90 °C for 16 h, 8r8-11
was obtained as a light yellow oil (1.16 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.05–3.92 (m, 6H, –OCH2

dm8* and C8), 1.88–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.65 (m, 1H, –
CH(CH3)CH2–), 1.59–1.42 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–1.09 (m, 22H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.93 (d, J = 6.7 Hz, 3H, –CH3 dm8*), 0.91–0.84 (m, 12H, –CH(CH3)2 dm8* and
–CH2CH3 C8).

5-(Azidomethyl)-1,3-bis(((rac)-3,7-dimethyloctyl)oxy)-2-(octyloxy)benzene (r8r-11). From r8r10 (1.56 g, 2.8 mmol) and NaN3 (0.36 g, 5.5 mmol) in DMF (10 mL) at 70 °C for 12 h, r8r-11 was
obtained as a light yellow oil (1.31 g, 84%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.25 (s, 2H, –CH2N3), 4.05–3.97 (m, 4H, –OCH2

dm8*), 3.93 (t, J = 6.6 Hz, 2H, –OCH2 C8), 1.90–1.80 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.66 (m, 4H,
–CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.40 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.37–
1.08 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.91–0.82
(m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).

5-(Azidomethyl)-1,2-bis(((rac)-3,7-dimethyloctyl)oxy)-3-(octyloxy)benzene (rr8-11). From rr810 (3.32 g, 5.9 mmol) and NaN3 (0.76 g, 11.7 mmol) in DMF (30 mL) at 70 °C for 15 h, rr8-11 was
obtained as a light yellow oil (3.09 g, 92%).
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1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.06–3.92 (m, 6H, –OCH2

dm8* and C8), 1.90–1.76 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.75–1.65 (m, 2H, –
CH(CH3)2 dm8*), 1.57–1.443 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.09 (m, 20H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.93 (overlapping d, 6H, –CH3 dm8*), 0.91–0.83 (m, 15H, –CH(CH3)2 dm8*
and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.53, 138.34, 130.52, 106.79, 71.82, 69.34,

67.65, 55.36, 39.53, 39.43, 37.67, 37.52, 37.51, 36.55, 31.98, 28.14, 26.25, 22.86, 22.82, 22.75,
19.78, 19.73, 14.24.

5-(Azidomethyl)-1-(((rac)-3,7-dimethyloctyl)oxy)-2,3-bis(octyloxy)benzene

(88r-11).

From

88r-10 (3.66 g, 6.8 mmol) and NaN3 (0.88 g, 13.6 mmol) in DMF (35 mL) at 70 °C for 15 h, 88r-11
was obtained as a light yellow oil (3.38 g, 91%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.06–3.91 (m, 6H, –OCH2

dm8* and C8), 1.90–1.64 (m, 5H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.56 (m, 1H, –
CH(CH3)2 dm8*), 1.55–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.11 (m, 22H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.92–0.85 (m, 12H, –CH(CH3)2 dm8*
and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.51, 130.50, 106.82, 100.14, 73.57, 69.35,

67.66, 55.36, 39.42, 37.49, 36.56, 32.07, 31.99, 30.49, 29.98, 28.15, 26.27, 26.24, 24.89, 22.85,
22.82, 22.75, 19.77, 14.25.

5-(Azidomethyl)-2-(((S)-3,7-dimethyloctyl)oxy)-1,3-bis(octyloxy)benzene (8S8-11). From 8S810 (2.16 g, 4.0 mmol) and NaN3 (0.52 g, 8.0 mmol) in DMF (20 mL) at 70 °C for 18 h, 8S8-11 was
obtained as a light yellow oil (2.16 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.05–3.93 (m, 6H, –OCH2

dm8* and C8), 1.87–1.76 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.67 (m, 1H, –
CH(CH3)CH2–), 1.58–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–1.10 (m, 22H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.93 (d, J = 6.7 Hz, 3H, –CH3 dm8*), 0.91–0.85 (m, 12H, –CH(CH3)2 dm8* and
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–CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 153.53, 138.37, 130.51, 106.82, 71.83, 69.35, 55.36,
39.53, 37.67, 37.51, 31.99, 29.88, 29.56, 29.53, 29.44, 28.16, 26.25, 24.88, 22.86, 22.82, 22.76,
19.73, 14.24.

5-(Azidomethyl)-1,3-bis(((S)-3,7-dimethyloctyl)oxy)-2-(octyloxy)benzene

(S8S-11).

From

S8S-10 (2.62 g, 4.6 mmol) and NaN3 (0.60 g, 9.2 mmol) in DMF (25 mL) at 70 °C for 16 h, r8r-11
was obtained as a light yellow oil (2.50 g, 94%).
1H

NMR (500 MHz, CDCl3, δ): 6.50 (s, 2H, ArH), 4.25 (s, 2H, –CH2N3), 4.05–3.96 (m, 4H, –OCH2

dm8*), 3.94 (t, J = 6.6 Hz, 2H, –OCH2 C8), 1.90–1.79 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.66 (m, 4H,
–CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.40–
1.10 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.91–0.84
(m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.52, 138.35,

130.51, 106.80, 73.55, 67.67, 55.36, 39.43, 37.49, 36.56, 32.07, 30.49, 29.99, 29.71, 29.53, 28.15,
26.28, 24.89, 22.85, 22.75, 19.77, 14.26.

General procedure for preparation of minidendron amines 12. Minidendron azide 11 (1.0 eq)
was dissolved in THF (~0.20 M) and the solution cooled to 0 °C under N2. LiAlH4 (x g, 2 eq) was
added portionwise with stirring. The mixture was allowed to warm to 23 °C whereupon it was stirred
for 1–3 h. The mixture was quenched by cautious successive addition of H 2O (x mL), NaOH
solution (15% aq., x mL), and H2O (3x mL) and stirred at 23 °C for 15 min. The granular lithium
salts and excess water were removed by filtration through Celite and basic alumina, respectively,
using THF as eluent. Evaporation in vacuo gave amine 12, which was used in the next step without
further purification.
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(4-(((rac)-3,7-Dimethyloctyl)oxy)-3,5-bis(octyloxy)phenyl)methanamine (8r8-12). From 8r8-11
(1.14 g, 2.1 mmol) and LiAlH4 (0.16 g, 4.2 mmol) stirred in THF (15 mL) at 23 °C for 3 h, 8r8-12
was obtained as a light yellow oil (0.96 g, 89%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.02–3.91 (m, 6H, –OCH2 dm8* and C8), 3.78 (s,

2H, –CH2NH2), 1.87–1.75 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.66 (m, 1H, –
CH(CH3)CH2–), 1.58–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.38–1.10 (m, 22H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.90–0.84 (m, 12H, –CH(CH3)2 dm8* and
–CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 153.15, 138.43, 136.97, 105.39, 71.58, 69.05, 46.69,
39.29, 37.44, 37.27, 31.75, 30.23, 29.64, 27.91, 26.02, 24.63, 22.61, 22.58, 22.51, 19.48, 13.99.

(3,5-bis(((rac)-3,7-Dimethyloctyl)oxy)-4-(octyloxy)phenyl)methanamine (r8r-12). From r8r-11
(1.00 g, 1.7 mmol) and LiAlH4 (0.08 g, 2.1 mmol) stirred in THF (20 mL) at 23 °C for 3 h, r8r-12
was obtained as a light yellow oil (0.80 g, 84%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.05–3.96 (m, 6H, –OCH2 dm8* and C8), 3.78 (s,

2H, –CH2NH2), 1.88–1.80 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.65 (m, 4H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C8), 1.65–1.43 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.10 (m, 20H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.93 (d, J = 6.5 Hz, 6H, –CH3 dm8*), 0.91–0.84 (m, 15H, –CH(CH3)2 dm8* and
–CH2CH3 C8).

(3,4-Bis(((rac)-3,7-dimethyloctyl)oxy)-5-(octyloxy)phenyl)methanamine (rr8-12). From rr8-11
(3.09 g, 5.4 mmol) and LiAlH4 (0.41 g, 10.8 mmol) stirred in THF (30 mL) at 23 °C for 1 h, rr8-12
was obtained as a light yellow oil (2.82 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.06–3.91 (m, 6H, –OCH2 dm8* and C8), 3.78 (s,

2H, –CH2NH2), 1.92–1.77 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.75–1.65 (m, 2H, –
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CH(CH3)2 dm8*), 1.65–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.09 (m, 20H, –(CH2)3–
dm8* and –(CH2)4– C8), 0.93 (overlapping d, 6H, –CH3 dm8*), 0.91–0.85 (m, 15H, –CH(CH3)2 dm8*
and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 153.40, 138.61, 137.21, 105.64, 105.60, 105.60,
71.82, 69.29, 68.12, 67.58, 46.91, 39.54, 39.45, 37.69, 37.68, 37.52, 37.50, 36.64, 32.00, 30.48,
30.00, 29.89, 29.62, 29.54, 29.45, 28.15, 26.27, 25.77, 25.03, 24.89, 24.88, 22.86, 22.82, 22.77,
22.75, 19.79, 19.75, 14.25.

(3-(((rac)-3,7-Dimethyloctyl)oxy)-4,5-bis(octyloxy)phenyl)methanamine (88r-12). From 88r-11
(3.38 g, 6.2 mmol) and LiAlH4 (0.47 g, 12.4 mmol) stirred in THF (30 mL) at 23 °C for 1.5 h, 88r-12
was obtained as a light yellow oil (3.02 g, 94%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.05–3.98 (m, 2H, –OCH2 dm8*), 3.95 (overlapping

t, J = 4.9 Hz, 4H, –OCH2 C8), 3.78 (s, 2H, –CH2NH2), 1.89–1.64 (m, 5H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C8), 1.64–1.56 (m, 1H, –CH(CH3)2 dm8*), 1.55–1.43 (m, 6H, –O(CH2)2CH2 dm8* and
C8), 1.39–1.11 (m, 22H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.6 Hz, 3H, –CH3 dm8*),
0.91–0.84 (m, 12H, –CH(CH3)2 dm8* and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 13C NMR
(126 MHz, CDCl3) δ 153.37, 138.64, 137.19, 105.61, 73.56, 69.30, 67.60, 46.92, 39.43, 37.49,
36.64, 32.06, 31.99, 30.49, 30.47, 29.98, 29.72, 29.62, 29.53, 29.45, 28.14, 26.30, 26.26, 24.88,
22.85, 22.82, 22.74, 19.77, 14.25.

(4-(((S)-3,7-Dimethyloctyl)oxy)-3,5-bis(octyloxy)phenyl)methanamine (8S8-12). From 8S8-11
(2.14 g, 3.9 mmol) and LiAlH4 (0.30 g, 7.8 mmol) stirred in THF (15 mL) at 23 °C for 3 h, 8S8-12
was obtained as a light yellow oil (1.96 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.02–3.91 (m, 6H, –OCH2 dm8* and C8), 3.78 (s,

2H, –CH2NH2), 1.83–1.75 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C8), 1.75–1.66 (m, 1H, –
CH(CH3)CH2–), 1.58–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.39–1.09 (m, 22H, –(CH2)3– dm8*
and –(CH2)4– C8), 0.92 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.82 (m, 12H, –CH(CH3)2 dm8* and
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–CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 153.37, 138.58, 137.21, 105.64, 71.79, 69.27, 68.08,
46.88, 39.51, 37.67, 37.50, 31.97, 30.46, 29.87, 29.61, 29.52, 29.43, 28.13, 26.25, 25.74, 24.86,
22.83, 22.80, 22.74, 19.71, 14.21.

(3,5-bis(((S)-3,7-Dimethyloctyl)oxy)-4-(octyloxy)phenyl)methanamine (S8S-12). From S8S-11
(2.46 g, 4.3 mmol) and LiAlH4 (0.33 g, 8.6 mmol) stirred in THF (25 mL) at 23 °C for 3 h, S8S-12
was obtained as a light yellow oil (2.31 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 6.52 (s, 2H, ArH), 4.05–3.96 (m, 4H, –OCH2 dm8*), 3.92 (m, 2H, –

OCH2 C8), 3.79 (s, 2H, –CH2NH2), 1.88–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.66 (m, 4H, –
CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.64–1.44 (m, 6H, –O(CH2)2CH2 dm8* and C8), 1.38–
1.11 (m, 20H, –(CH2)3– dm8* and –(CH2)4– C8), 0.94 (d, J = 6.5 Hz, 6H, –CH3 dm8*), 0.90–0.85
(m, 15H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ): 153.37, 138.65,

137.18, 105.62, 73.54, 67.60, 46.94, 39.43, 37.49, 36.65, 32.07, 30.50, 29.98, 29.72, 29.53, 28.14,
26.30, 24.89, 22.85, 22.75, 19.78, 14.25.

General procedure for preparation of dendronized PBIs. Perylene tetracarboxylic dianhydride
(PTCDA) (1.0 eq), zinc acetate dihydrate (1.0 eq), minidendron amine 12 (2.2 eq), and imidazole
(3 g/mmol PTCDA) were combined in a 10 mL round-bottomed flask under N2 and heated to 160
°C, whereupon the mixture was stirred for 15–24 h. After being allowed to cool to 23 °C, the solid
residue was dissolved in a minimum volume of THF. The THF solution was poured into a stirring
mixture of HCl (2M aq., 225 mL) and MeOH (75 mL). The resultant red precipitate was isolated by
vacuum filtration and washed with water and MeOH. The crude red solid was purified by column
chromatography (silica gel, CH2Cl2). The product was dissolved in a minimum volume of CHCl3 and
the solution added to MeOH to precipitate the pure product and remove any ionic impurities. The
product was isolated via vacuum filtration as a red solid.
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8r8-PBI. From 8r8-12 (940 mg, 1.8 mmol), PTCDA (322 mg, 0.82 mmol), and zinc acetate dihydrate
(180 mg, 0.82 mmol) stirred in molten imidazole (2.47 g) at 160 °C for 24 h, 8r8-PBI was obtained
as a red solid (540 mg, 44%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.58 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.43
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.85 (s, 4H, ArH), 5.29 (s, 4H, –NCH2), 4.00 (t, 8H, –
OCH2 C8), 3.98–3.88 (m, 4H, –OCH2 dm8*), 1.84–1.75 (m, 10H, –CH(CH3)2 dm8* and –OCH2CH2
C8), 1.71–1.63 (m, 2H, –CH(CH3)CH2–), 1.54–1.42 (m, 12H, –O(CH2)2CH2 dm8* and C8), 1.38–
1.06 (m, 44H, –(CH2)3– dm8* and –(CH2)4– C8), 0.90–0.81 (m, 30H, –CH3 dm8*, –CH(CH3)2 dm8*
and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 163.13, 153.20, 134.27, 132.28, 131.38, 128.95,
125.96, 123.16, 122.90, 108.55, 71.84, 69.37, 43.98, 39.49, 37.66, 32.00, 29.89, 29.64, 29.59,
29.47, 28.11, 26.32, 24.84, 22.82, 22.72, 19.70, 14.25. MALDI-TOF MS (m/z): [M + Na]+ calcd for
C90H126N2O10, 1417.93; found, 1418.17.

r8r-PBI. From r8r-12 (780 mg, 1.5 mmol), PTCDA (267 mg, 0.68 mmol), and zinc acetate dihydrate
(147 mg, 0.68 mmol) stirred in molten imidazole (2.00 g) at 160 °C for 15 h, r8r-PBI was obtained
as a red solid (660 mg, 68%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.72 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.63
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.83 (s, 4H, ArH), 5.30 (s, 4H, –NCH2), 4.06–3.98 (m,
8H, –OCH2 dm8*), 3.88 (t, J = 6.7 Hz, 4H, –OCH2 C8), 1.86–1.78 (m, 4H, –CH(CH3)2 dm8*), 1.73–
1.65 (m, 8H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.60–1.46 (m, 12H, –O(CH2)2CH2 dm8*
and C8), 1.35–1.10 (m, 40H, –(CH2)3– dm8* and –(CH2)4– C8), 0.92 (d, J = 6.5 Hz, 12H, –CH3
dm8*), 0.90–0.83 (m, 30H, –CH(CH3)2 dm8* and –CH2CH3 C8).
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13C

NMR (126 MHz, CDCl3, δ):

163.25, 153.18, 138.10, 134.44, 132.25, 131.50, 123.28, 123.01, 108.52, 73.54, 67.67, 39.44,
37.55, 36.66, 32.04, 30.48, 29.98, 29.69, 29.49, 28.14, 26.26, 24.89, 22.85, 22.81, 22.74, 19.78,
14.22. MALDI-TOF MS (m/z): [M + Na]+ calcd for C94H134N2O10, 1473.99; found, 1474.68.

rr8-PBI. From rr8-12 (1.21 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, rr8-PBI was obtained
as a red solid (740 mg, 51%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.59 (d, J = 8.0 Hz, 4H, PBI, 1,6,7,12-positions), 8.44
(d, J = 8.2 Hz, 4H, PBI, 2,5,8,11-positions), 6.85 (overlapping s, 4H, ArH), 5.29 (s, 4H, –NCH2),
4.09–3.87 (m, 12H, –OCH2 dm8* and C8), 1.88–1.74 (m, 8H, –CH(CH3)CH2– dm8* and –OCH2CH2
C8), 1.73–1.63 (m, 4H, –CH(CH3)2 dm8*), 1.62–1.41 (m, 12H, –O(CH2)2CH2 dm8* and C8), 1.38–
1.06 (m, 40H, –(CH2)3– dm8* and –(CH2)4– C8), 0.93 (d, J = 6.6 Hz, 6H, –CH3 dm8*(a)), 0.88 (d, J
= 6.7 Hz, 6H, –CH3 dm8*(b)), 0.87–0.84 (m, 30H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR

(126 MHz, CDCl3, δ): 162.91, 152.96, 137.86, 134.06, 132.04, 131.16, 128.74, 125.74, 122.94,
108.29, 71.59, 69.12, 67.44, 39.25, 39.21, 37.42, 37.35, 37.27, 36.41, 31.76, 29.76, 29.64, 29.40,
29.35, 29.22, 27.89, 27.86, 26.08, 24.66, 24.59, 22.62, 22.58, 22.51, 22.48, 19.55, 19.52, 19.47,
14.00. MALDI-TOF MS (m/z): [M + Na]+ calcd for C94H134N2O10, 1473.99; found, 1474.19.

88r-PBI. From 88r-12 (1.14 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, 88r-PBI was obtained
as a red solid (1.05 g, 75%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.56 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.39
(d, J = 8.2 Hz, 4H, PBI, 2,5,8,11-positions), 6.86 (overlapping s, 4H, ArH), 5.29 (s, 4H, –NCH2),
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4.06–3.98 (m, 4H, –OCH2 dm8*), 4.00 (t, J = 6.6 Hz, 4H, –OCH2 C8(a)), 3.90 (t, J = 6.7 Hz, 4H, –
OCH2 C8(b)), 1.88–1.66 (m, 10H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.63–1.38 (m, 14H,
–CH(CH3)2 dm8*, –O(CH2)2CH2 dm8* and C8), 1.38–1.10 (m, 44H, –(CH2)3– dm8* and –(CH2)4–
C8), 0.93 (d, J = 6.5 Hz, 6H, –CH3 dm8*), 0.90–0.82 (m, 12H, –CH(CH3)2 dm8* and –CH2CH3 C8).
13C

NMR (126 MHz, CDCl3, δ): 163.37, 153.16, 141.73, 138.08, 134.62, 132.20, 131.61, 123.38,

123.12, 108.46, 73.54, 69.34, 67.66, 39.43, 37.54, 36.64, 32.03, 31.99, 30.47, 29.97, 28.13, 26.29,
26.25, 24.88, 22.85, 22.81, 22.74, 19.77, 14.22. MALDI-TOF MS (m/z): [M + Na]+ calcd for
C90H126N2O10, 1417.93; found, 1417.47.

8S8-PBI. From 8S8-PBI (1.14 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, 8S8-PBI was obtained
as a red solid (1.12 g, 80%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.47 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.26
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.86 (s, 4H, ArH), 5.28 (s, 4H, –NCH2), 4.02 (t, J = 6.5
Hz 8H, –OCH2 C8), 4.00–3.89 (m, 4H, –OCH2 dm8*), 1.84–1.76 (m, 10H, –CH(CH3)2 dm8* and –
OCH2CH2 C8), 1.74–1.62 (m, 2H, –CH(CH3)CH2–), 1.55–1.44 (m, 12H, –O(CH2)2CH2 dm8* and
C8), 1.39–1.06 (m, 44H, –(CH2)3– dm8* and –(CH2)4– C8), 0.90–0.80 (m, 30H, –CH3 dm8*, –
CH(CH3)2 dm8* and –CH2CH3 C8). 13C NMR (126 MHz, CDCl3, δ): 163.28, 153.20, 144.18, 143.14,
140.49, 138.09, 134.48, 131.53, 123.29, 123.04, 108.49, 71.83, 69.35, 39.50, 37.66, 37.51, 32.00,
29.88, 29.63, 29.59, 29.46, 28.11, 26.31, 24.84, 22.82, 22.73, 19.70, 14.25. MALDI-TOF MS (m/z):
[M + Na]+ calcd for C90H126N2O10, 1417.93; found, 1418.28.
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S8S-PBI. From S8S-12 (1.21 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, S8S-PBI was obtained
as a red solid (1.12 g, 77%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.68 (d, J = 8.0 Hz, 4H, PBI, 1,6,7,12-positions), 8.58
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.84 (s, 4H, ArH), 5.30 (s, 4H, –NCH2), 4.09–3.97 (m,
8H, –OCH2 dm8*), 3.88 (t, J = 6.7 Hz, 4H, –OCH2 C8), 1.87–1.78 (m, 4H, –CH(CH3)2 dm8*), 1.74–
1.64 (m, 8H, –CH(CH3)CH2– dm8* and –OCH2CH2 C8), 1.61–1.38 (m, 12H, –O(CH2)2CH2 dm8*
and C8), 1.36–1.09 (m, 40H, –(CH2)3– dm8* and –(CH2)4– C8), 0.92 (d, J = 6.7 Hz, 12H, –CH3
dm8*), 0.89–0.82 (m, 30H, –CH(CH3)2 dm8* and –CH2CH3 C8).

13C

NMR (126 MHz, CDCl3, δ):

163.32, 153.17, 137.28, 134.54, 131.56, 129.46, 129.24, 123.35, 123.08, 108.48, 73.54, 67.66,
39.44, 37.55, 36.65, 32.04, 30.48, 29.97, 29.70, 29.50, 28.14, 26.26, 24.89, 22.85, 22.81, 22.75,
19.78, 14.23. MALDI-TOF MS (m/z): [M + Na]+ calcd for C94H134N2O10, 1473.99; found, 1476.02.
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APPENDIX TO CHAPTER 5
A5.1

Characterization of Hybrid PBIs by GPC and MALDI-TOF Mass Spectrometry

Figure A5.1. GPC traces of hybrid linear-racemic PBIs and rrr-PBI. The labels ‘26’ and ‘28’ refer
to the total number of carbon atoms in a single sequence-defined dendron of the PBI. Increasing
molecular weight leads to decreased elution time, as expected.

Figure A5.2. MALDI-TOF mass spectrometry of hybrid linear-racemic PBIs and rrr-PBI. Calculated
and experimentally observed masses are indicated.
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A5.2

Data Tables for Thermal, Structural, and Retrostructural Analysis

Table A5.1. Transition Temperatures and Associated Enthalpy Changes of SequenceDefined Hybrid Linear-Racemic PBIs and Linear-Chiral PBIs Determined by DSC and Phases
Determined by XRD
Thermal transition temperature (°C) and corresponding enthalpy change (kcal/mol)
First heating
First cooling
Second heating
rrr-PBI
rr8-PBI
8r8-PBI

r8r-PBI
88r-PBI
888-PBI b

hk1 200 (3.45) i
hk1 200 (3.70) i
hk1 – a hk2 146 (1.73) hk1 206 (3.26) i
hk2 146 (1.70) hk1 205 (2.84) i
x 26 (0.66) hk2 145 (0.60) c–ok 160 (1.15) hio
209 (2.44) i
hk2 29 (1.19) hk2 147 (0.82) c–ok 161 (1.24) hio
209 (2.45) i
hk1 – a hk2 152 (0.77) hk1 223 (4.16) i
hk2 154 (1.16) hk1 223 (4.19) i
hk2 – a s–ok 183, 187 (1.78) hio 228 (3.58) i
hk2 – a s–ok 183, 187 (1.73) hio 228 (3.61) i
mk 37 (0.85) c–ok 224 (2.49) hio 229 (3.07) i
mk 37 (6.04) c–ok 61 (0.12) c–ok 223 (2.71) hio
229 (2.98) i

i 198 (–3.17) hk1
i 202 (–2.84) hk1 – a hk2
i 206 (–2.41) hio 152 (–1.10) c–ok 99 (–0.45) hk2
14 (–1.00) hk2

i 221 (–4.04) hk1 – a hk2
i 225 (–3.44) hio 166 (–1.47) s–ok – a hk2
i 228 (–2.85) hio 217 (–2.85) c–ok 27 (–7.18) mk

hk2 141 (0.52) c–ok 162 (1.38) hio 209 (2.58) i
i 206 (–2.30) hio 152 (–1.09) c–ok 89 (–0.58) hk2
11 (–0.67) hk2
hk2 27 (0.85) hk2 144 (0.45) c–ok 161 (1.40) hio
209 (2.52) i
S8S-PBI
hk2 143 (0.78) hk1 224 (4.07) i
i 221 (–4.02) hk1 – a hk2
k2
k1
h 147 (1.00) h 224 (4.06) i
a
No first order phase transition observed by DSC. b Data taken from ref. 28. Phase notation: Φhk1 – columnar hexagonal
crystalline phase with offset dimers31; Φhk2 – columnar hexagonal crystalline phase with cogwheel assembly31; x – unknown
columnar phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φhio – 2D columnar hexagonal phase with short
range intracolumnar order; i – isotropic. Note: quantitative uncertainties are ±1 ºC for thermal transition temperatures and
~ 2% for the associated enthalpy changes reported in kcal/mol.
8S8-PBI
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Table A5.2. Structural Analysis of Sequence-Defined Hybrid Linear-Racemic PBIs and
Linear-Chiral PBIs by XRD

T
(°C)

Phase a

70

Φhk1

100

Φhk2

155

Φhio

100

Φhk2

100

hk2

155

c–ok

;

180

hio

r8r-PBI

165

Φhk1

100

Φhk2

130

Φhk2

60

Φs–ok

190

Φhio

35

Φmk

55

Φc–ok

80

Φc–ok

225

Φhio

rrr-PBI

rr8-PBI

8r8-PBI

88r-PBI

888-PBI h

a, b, c (Å);
γb

28.5, 28.5, 26.3;
120.0°
27.0, 27.0, 14.7;
120.0°
28.4, 28.4, –;
120.0°
26.4, 26.4, 14.8;
120.0°
27.0, 27.0, 14.8;
120.0°
42.3, 30.9, 14.6;
90.0°
28.6, 28.6, –;
120.0°
29.0, 29.0, 26.8;
120.0°
26.9, 26.9, 14.9;
120.0°
26.3, 26.3, 14.8;
120.0°
39.0, 28.8, 14.5;
90.0°
27.8, 27.8, –;
120.0°
24.5, 47.6, 14.2;
97.2°
34.5, 30.9, 14.2;
90.0°
37.6, 30.5, 14.5;
90.0°
28.2, 28.2, –;
120.0°

d100, d110, d200, d210, d300, d220, d310, d400, d320, d410; d101, d111, d201
(Å) c
d10, d11, d20, d21 (Å) d
d110, d200, d020, d310, d220, d400, d420, d330; d011, d121, d411, d231; d002,
d112 (Å) e
d010, d100, d110, d020, d120, d200, d210, d030, d130, d220 (Å) f
d100, d020, d120, d200, d220, d2–20, d140, d260; d011, d101, d031; d002,
d112, d122 (Å) g
24.7, 14.5, 12.3, 9.4, –, –, –, –, –, –; –, –, – c
22.9, 13.3, 11.5, 8.7, 7.7, –, 6.4, 5.7, 5.3, 5.0; 12.5, 10.0, 9.1 c
24.6, 14.2, 12.3, – d
23.5, 13.4, 11.8, 8.9, 7.9, 6.7, 6.4, 5.8, 5.4, 5.1; 12.7, 10.1, 9.2 c
23.1, 13.5, 11.8, 8.8, 7.8, –, 6.5, 5.8, 5.3, 5.1; 12.8, 10.3, 9.6 c
27.9, 21.0, 15.3, 12.5*, 12.5*, 10.6, 8.6*, 8.6*; 13.4, –, –, –; 7.3,
–e
24.6, 14.4, 12.4, 9.3 d
24.8, 14.5, 12.5, 9.5, –, –, –, –, –, –; –, –, – c
23.1, 13.3, 11.7, 8.8, 7.8, 6.8, 6.4, –, –, –; 12.7, 9.9, 9.2 c
23.2, 13.1, 11.7, 8.7, 7.8, –, 6.4, –, –, –; 12.8, 10.1, 9.3 c
39.0, –, 23.2, 19.5, 16.5, 14.4, –, 13.0, 11.8, 11.4 f
24.1, 13.9, 12.0, 9.1 d
24.3, 23.6, 18.1, 12.2, 11.4, 10.3, 11.2, 7.0; 13.6, 12.3, 10.5; 7.1,
6.8, 6.6 g
23.9, 18.8, 15.5, 11.6, 11.9, 9.4, 8.0, 8.0; 12.9, 10.1, 7.6, 7.6;
7.1, – e
23.7, 18.8, 15.3, 11.6, 11.8, 9.4, 8.0, 7.9; 13.1, 10.1, 7.6, 7.6;
7.3, 6.9 e
24.2, 14.1, 12.2 d

hk2

26.3, 26.3, 15.1;
22.8, 13.1, 11.5, 8.6, 7.6, –, 6.3, –, –, –; 12.5, 10.0, 9.1 c
120.0°
155 c–ok
41.3, 30.1, 14.5;
23.9, 20.5, 15.1, 12.7, 12.1, 10.3, 8.5, 8.1; –, –, –, –; 7.3, – e
90.0°
180 hio
27.8, 27.8, –;
24.1, 13.9, 12.1, – d
120.0°
S8S-PBI
165 Φhk1
28.7, 28.7, 14.4;
24.8, 14.3, 12.6, 9.5, –, –, –, –, –, –; –, –, – c
120.0°
100 Φhk2
26.4, 26.4, 15.2;
22.8, 13.1, 11.7, 8.6, 7.8, –, 6.4, –, –, –; 12.6, –, – c
120.0°
a
Phase notation: Φhk1 – columnar hexagonal crystalline phase with offset dimers 31; Φhk2 – columnar hexagonal crystalline
phase with cogwheel assembly31; Φhio – 2D columnar hexagonal phase with short range intracolumnar order; Φc–ok –
columnar centered orthorhombic crystalline phase; Φs–ok – columnar simple orthorhombic crystalline phase; Φmk – columnar
monoclinic crystalline phase. b Lattice parameters determined from fiber X-ray diffraction as follows: for hexagonal phases,
dhkl = [4(h2 + k2 + hk)/(3a2) + (l/c)2]–1/2; for orthorhombic phases, dhkl = [(h/a)2 + (k/b)2 + (l/c)2]–1/2; for monoclinic phases: dhkl =
[(h/a sin γ)2 + (k/b sin γ)2 + (l/c)2 – {(2hk cos γ)/(ab sin2 γ)}]–1/2. c Experimental diffraction peak d-spacings for the Φhk1 and
Φhk2 phases. d Experimental diffraction peak d-spacings for the Φhio phase. e Experimental diffraction peak d-spacings for
the Φc–ok phase. f Experimental diffraction peak d-spacings for the Φs–ok phase. g Experimental diffraction peak d-spacings
for the Φmk phase. h Data taken from ref. 28. * indicates overlapping features in XRD pattern.
8S8-PBI

100

225

Table A5.3. Retrostructural Analysis of Sequence-Defined Hybrid Linear-Racemic PBIs
rrr-PBI
rr8-PBI
8r8-PBI

r8r-PBI
88r-PBI

888-PBI

i

8S8-PBI

S8S-PBI

T
(°C)
70

Phase a

a, b, c (Å) b

Φhk1

28.5, 28.5, 26.3

100

Φhk2

27.0, 27.0, 14.7

155

Φh

100

Φhk2

100

, ,  (°)c

f

Mwt g
(g/mol)
1508.22

h

90.0, 90.0, 120.0

Dcol
(Å)d
28.5

t
(Å)e
3.3

90.0, 90.0, 120.0

27.0

3.7

28.4, 28.4, –

–, –, 120.0

28.4

3.3

26.4, 26.4, 14.8

90.0, 90.0, 120.0

26.4

3.7

Φhk2

27.0, 27.0, 14.8

90.0, 90.0, 120.0

27.0

3.7

155

Φc–ok

42.3, 30.9, 14.6

90.0, 90.0, 90.0

26.2

3.7

1.10 ≈ 1

180

Φhio

28.6, 28.6, –

–, –, 120.0

28.6

3.4

1.11 ≈ 1

165

Φh

k1

29.0, 29.0, 26.8

90.0, 90.0, 120.0

29.0

3.4

100

Φhk2

26.9, 26.9, 14.9

90.0, 90.0, 120.0

26.9

3.4

130

Φhk2

26.3, 26.3, 14.8

90.0, 90.0, 120.0

26.3

3.7

60

Φs–ok

39.0, 28.8, 14.5

90.0, 90.0, 90.0

24.2

3.6

0.94 ≈ 1

190

Φhio

27.8, 27.8, –

–, –, 120.0

27.8

3.4

1.05 ≈ 1

35

Φmk

47.6, 24.5, 14.2

90.0, 90.0, 97.2

24.5

3.6

55

Φc–ok

37.5, 30.9, 14.2

90.0, 90.0, 90.0

23.9

3.6

1.00 ≈ 1

80

Φc–ok

37.6, 30.5, 14.5

90.0, 90.0, 90.0

24.2

3.6

1.01 ≈ 1
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Φhio

28.2, 28.2, –

–, –, 120.0

28.2

3.5

1.17 ≈ 1

100

Φhk2

26.3, 26.3, 15.1

90.0, 90.0, 120.0

26.3

3.8

155

Φc–o

41.3, 30.1, 14.5

90.0, 90.0, 90.0

25.6

3.6

180

Φhio

27.8, 27.8, –

–, –, 120.0

27.8

3.4

165

Φhk1

28.7, 28.7, 14.4

90.0, 90.0, 120.0

28.7

3.6

100

Φhk2

26.4, 26.4, 15.2

90.0, 90.0, 120.0

26.4

3.8

io

k

(g/cm3)
1.05

0.97 ≈ 1
0.97 ≈ 1

1.05

1452.11

1.07

1396.00

1.00 ≈ 1
0.97 ≈ 1

1.06

1452.11

1.07

1396.00

1.08 ≈ 1

1.07 ≈ 1
1.03 ≈ 1

1.08

1.07

1339.89

1396.00

1.02 ≈ 1

1.00 ≈ 1

1.04 ≈ 1
1.04 ≈ 1
1.05 ≈ 1

1.06

1452.11

1.13 ≈ 1
1.01 ≈ 1

Phase notation: Φh – columnar hexagonal crystalline phase with offset dimers ; Φh – columnar hexagonal crystalline
phase with cogwheel assembly31; Φc–ok – columnar centered orthorhombic crystalline phase; Φhio – 2D columnar hexagonal
phase with short range intracolumnar order. b,c Lattice parameters determined from fiber and powder X-ray diffraction as
follows: for hexagonal phases, dhkl = [4(h2 + k2 + hk)/(3a2) + (l/c)2]–1/2; for orthorhombic phases, dhkl = [(h/a)2 + (k/b)2 + (l/c)2]–
1/2
; for monoclinic phases: dhkl = [(h/a sin γ)2 + (k/b sin γ)2 + (l/c)2 – {(2hk cos γ)/(ab sin2 γ)}]–1/2. d Column diameter calculated
using: Dcol = a for Φhio and Φhk, and Dcol = a / [2 cos (tan–1 b/a)] for Φc–ok. e Stratum thickness calculated from the meridional
pattern. f Experimental density measured at 23 C. g Molecular weight of the compound. h Average number of dendrimers
forming the supramolecular column stratum, calculated using:  = (NA··A·t)·(2Mwt)–1, where NA = 6.022 × 1023 mol–1, A is
the unit cell area of the ab-plane, and t is the average stratum thickness calculated from the meridional pattern. i Data taken
from ref. 28.
a

k1

31
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k2

A5.3

Details of the Simulation Library Approach used for Molecular Modeling

The cogwheel model originally proposed displays perfectly cylindrical columns with alkyl chains
which lie perfectly parallel to the column axis (Figure 5.1 and Figure A5.3a, left).31 However, a
hexagonal packing of these columns would leave vacancies between columns, which are
unfavorable. Instead, there must be disorder in the molecular structure that fills this space. Typically
this disorder is introduced in the modeling software (Materials Studio 5.0, Accelrys) by performing
a geometry optimization (Forcite module, Universal forcefield), which relaxes the molecules to find
a lower energy conformation (Figure A5.3a). This change to the supramolecular arrangement of
the columns alters the electron density distribution within the unit cell and therefore changes the
predicted XRD of the model. Notably, the simulations in the original report on the cogwheel model
were obtained with geometry optimized models with disordered chains rather than the idealized
column structure, which does not reproduce the experimental XRD pattern well.

Figure A5.3. Geometry optimization of chain conformations. (a) Minimizing the energy of the
idealized cogwheel model eliminates void space between columns but distorts the perfectly aligned
alkyl chains. (b) Different portions of the alkyl chain were grouped in ‘motion groups’ in which atoms
move in concert. (c) Comparison of powder XRD plots for experimental data, fitted background,
and simulations either with motion groups 1 and 2 active or with only motion group 4 active.
However, the geometry minimization does not provide a global minimum in the energy of the
supramolecular structure and may become trapped in a local minimum depending upon the
geometry at the start of the optimization. Thus, accessing subtly different structures, such as
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different alkyl chain conformations, requires starting the optimization process with subtly different
initial structures.
The simulation library approach developed for this work uses motion groups (a feature in Materials
Studio) to provide libraries of initial starting models for the geometry optimization. Motion groups
are groups of atoms whose relative positions are unable to change during a minimzation, that is,
the atoms move with a single concerted motion, with no variation in their torsional angles or bond
distances. Given that the initial model for the cogwheel structure bestows the alkyl chains with an
all-anti conformation, the presence of a motion group essentially “locks” the conformation of those
bonds to have anti conformations.
Four sets of motion groups were defined for the cogwheel PBI (Figure A5.3b), recognizing from
DSC (Figure 5.2) that the behavior of the chain at the 4-position may differ from those in the 3- and
5-positions, and furthermore that the conformation of atoms closer to the PBI core may differ from
those more distant from the core. A motion group being “active” meant that it was inclued in the
simulation, and therefore the corresponding portion of the alkyl chain was “locked” into the
conformation shown in Figure A5.3b. An “inactive” motion group was removed from the model prior
to minimization and therefore the corresponding portion of the alkyl chain could undergo full
geometry optimization. The four sets of motion groups provided 16 (= 2 4) combinations of active
and inactive motion groups for each initial structure. Geometry optimization of all 16 combinations
followed by simulation of their expected XRD patterns allowed rapid screening of these models, by
comparing the simulated XRD with the experimental XRD profile (Figure A5.3c). The simulated
XRD was unexpectedly sensitive to the conformation of the alkyl groups (compare the blue plots in
Figure A5.3c), especially the relative intensities of the first four hk0 features ((100), (110), (200),
and (210)).
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Figure A5.4. Comparison of experimental (open black squares) and simulated (solid red squares)
XRD intensities of rrr-PBI with 16 combinations of motion groups. Motion groups are denoted in
the top right corner of each plot, where 1, 2, 3, and 4 refer to the motion groups defined in Figure
A5.3 and a square surrounding a number indicates that the motion group was active. Deviation
parameter, χ2, is indicated. The three plots highlighted in yellow represent the three lowest χ2 values
(χ2 = 0.80, 0.74, and 0.45 respectively).
A deviation parameter, χ2, was used to quantitatively compare the library of simulated XRD data
with the experimental XRD. The simulated and experimental XRD data were normalized relative to
the intensity of the (100) feature, such that Iexp,100 = 1. The agreement between the relative
intensities of (hk0) features was quantified by the square of the difference between the
experimental (Iexp,hk0) and simulated (Isim,hk0) intensities. This value was divided by the experimental
intensity (Iexp,hk0) to recognize that a deviation of, for example, 0.1 is more significant for a feature
with intensity 0.5 than it is for a feature with intensity 0.05. The sum of these weighted squares of
differences provides the deviation parameter, χ2, as summarized by eq. 5.1:
2

𝜒 2 = ∑𝑛𝑖=ℎ𝑘0

(𝐼𝑒𝑥𝑝,ℎ𝑘0 −𝐼𝑠𝑖𝑚,ℎ𝑘0 )
𝐼𝑒𝑥𝑝,ℎ𝑘0
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(5.1)

A comparison of simulated and experimental XRD intensities for a library of 16 models of rrr-PBI
is shown in Figure A5.4. Values of χ2 range from a maximum of 6.12 (most deviation, worst
agreement between simulated and experimental data) to a minimum of 0.45 (least deviation, best
fit). Structural features of the best matching models were compared, and conserved features were
used to produce the conclusions detailed in the main text.

Figure A5.5. Geometry optimization of a unit cell of rrr-PBI.
An additional feature of the simulation library approach was inspired by work by the Goddard lab
which examined the conformation of alkyl chains in supramolecular spheres assembled from benzyl
ether dendrons.43 The modeling of the cogwheel model is subject to periodic boundary conditions
equal to the crystallographic unit cell. However, confining the supramolecular structure to an area
equal to the unit cell restricts the ability of the alkyl chains to move and reorganize. Hence geometry
optimization was done in an expanded unit cell to provide a greater accessible volume for the alkyl
chains to probe. The overall process is summarized in Figure A5.5. A supramolecular column with
a structure of interest was modelled such that it would be accommodated in a unit cell with lattice
parameters determined by XRD. This unit cell was then expanded by either 5% or 20% in both the
a- and b- directions. Motion groups were introduced and 16 combinations generated, all of which
were subjected to geometry minimzation. The 32 minimized structures (16 with a unit cell 5% larger
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than that derived by XRD and 16 with a unit cell 20% larger) were reduced in size to the XRDderived unit cell, and the geometry of these 32 structures was minimized again. The XRD was
simulated for these structures after this second geometry optimization.
There are several assumptions and limitations inherent in this methodology:
(1) The XRD structure is static, whereas molecules in the macroscopic sample exhibit some
dynamic motion. To address this, isotropic thermal disorder was introduced into the molecular
models before simulation of their XRD. This is imperfect as it assumes that the degree of disorder
of all atoms is equal and isotropic.
(2) The hexagonal unit cell contains only a single supramolecular column and therefore the
simulated model assumes that all columns are identical. The dynamic nature of the
supramolecular columns means that, on the XRD timescale, there will be multiple very similar
conformations of supramolecular columns in the macroscopic sample. However, the experimental
XRD patterns are recording the average diffraction of all supramolecular columns over an extended
period of time (typically 20 or 30 min), and therefore it is anticipated that the modelled structure
provides a good approximation of the average structure in the actual sample.
(3) Even with the simulation library approach, it is not possible to examine all possible
conformations of the supramolecular column. By comparing the simulated XRD of 32 models,
it is possible to identify broad trends which provide a better agreement between the experimental
and simulated XRD data.
Hence this work aims not to specify the exact molecular conformation of the supramolecular
columns generated by any given molecule, but instead provides general structural trends which,
when combined with DSC and solid state NMR data, provide new insights into the supramolecular
structure of the cogwheel model.
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CHAPTER 6
Cogwheel Assembly of a Supramolecular Double Helix from Sequence-Defined
Dendronized Perylene Bisimides
(Unpublished work with contributions from Partridge, B. E.; Sahoo, D.; Olsen, J. T.; Leowanawat,
P.; Roche, C.; Zeng, X.; Ungar, G.; Heiney, P. A.; Graf, R.; Spiess, H. W.; Percec, V.)

6.1

Introduction

The archetypal model for the self-organization of benzyl ether dendrons into liquid crystalline and
crystalline periodic arrays of supramolecular columns relies on the formation of distinct aromatic
regions surrounded by a continuous aliphatic domain. 1,2 The aliphatic domain results from the inplane,3–7 tilted8–11 or hat-shaped12 conformation of alkyl chains relative to the column axis. Recently
a model for self-assembly invoking alkyl chains lying parallel to the column axis was discovered for
a series of chiral and racemic perylene bisimides (PBIs) dendronized with two self-assembling first
generation dendrons, or minidendrons, each containing three branched 3,7-dimethyloctyl chains.13
These chiral and racemic building blocks self-assemble into columnar hexagonal arrays with
identical crystalline order, irrespective of the chirality of their constituent building blocks, and
contrary to the typical decrease in supramolecular order observed with diminished chiral purity.
Similar assemblies were not observed in analogous PBIs functionalized with linear alkyl chains. 14-16
The model originally proposed for the cogwheel supramolecular columns rationalized this chiralityinvariant behavior by directing the chiral methyl group on the 3,7-dimethyloctyl chain towards the
center of the column to obscure the chirality of that group from the column periphery and by placing
the alkyl chains parallel to the column axis to limit interdigitation of neighboring columns. 13 Recent
work on PBIs with sequence-defined hybrid dendrons containing a mixture of branched 3,7dimethyloctyl and linear octyl chains demonstrated that there is significant disorder in the aliphatic
region of the supramolecular columns assembled from these PBIs that allows incorporation of linear
chains without disruption to the formation of the highly ordered cogwheel phase. 17 Addition of linear
chains enhances the rate of formation of the single-crystal like assemblies.
The length of the alkyl chains on the periphery column were proposed to play an important role in
formation of columns according to the cogwheel model. 13 It was noted that the alkyl chain length
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corresponds almost exactly to the periodicity of the helix, that is, the helical half-pitch. We proposed
that this agreement in length ensures that the entire periphery of the column is covered in alkyl
chains, thus maximizing favorable van der Waals interactions between columns without distorting
the column shape or ‘revealing’ the stereochemistry of the chiral methyl group, and further
hypothesized that this accord between alkyl chain length and helical periodicity is critical for
assembly via the cogwheel model. Alkyl chain length has been shown to be a key parameter in the
supramolecular self-assembly of numerous building blocks, including perylene bisimides, 14–16
poly(oxazoline)s,4,5,7 dendritic dipeptides,18 and minidendritic carboxylate salts,19 among others.
In a continuation of recent work on PBIs with sequence-defined hybrid dendrons containing (rac)3,7-dimethyloctyl (dm8*) chains and linear octyl (C8) chains, a library of PBIs with hybrid dendrons
containing dm8* chains and linear hexyl (C6) or decyl (C10) chains is reported here. Structural and
retrostructural analysis of their assemblies demonstrates that the cogwheel model is sensitive to
the length of the alkyl chain at the periphery of the column. Both longer and shorter alkyl chains
disrupt the hexagonal packing of the ideal cogwheel model and instead generate columnar
centered orthorhombic phases. A simulation library approach, utilized in our recent work on
dm8*/C8 hybrids,17 suggests that even in orthorhombic phases, the structure of the supramolecular
column is cogwheel-like. These results demonstrate the role of alkyl chain length in the cogwheel
assembly of supramolecular columns and expand the generality of cogwheel-like assembly to
orthorhombic phases.

6.2

Results and Discussion

6.2.1

Synthesis of PBIs with Sequence-Defined dm8*/C6 and dm8*/C10 Hybrid

Minidendrons
PBIs with dendrons containing four possible sequences of dm8* and C6 chains and four possible
sequence of dm8* and C10 chains (Scheme 6.1) were synthesized via the same strategy employed
for dm8*/C8 hybrids.17 Symmetric and nonsymmetric minidendron esters 5 were prepared from
methyl gallate (1) via two protected gallic esters, symmetric benzyl-protected 2 and nonsymmetric
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acetal-protected 6.17 Alkylation of 2 and 6 with 1-bromohexane, 1-bromododecane, and 1-bromo3,7-dimethyloctane under standard Williamson conditions (K2CO3, N,N-dimethylformamide (DMF),
60–90 °C, 10–16 h) afforded (from 2) C6-3, C10-3, and rac-3 and (from 6) C6-7, C10-7, and rac-7
in 72–98% yield. Deprotection of 3 was achieved within 9–24 h by palladium-catalyzed
hydrogenation with Pd/C to give symmetric dialkylated minidendron esters 4. Deprotection of 7 via
acid-catalyzed acetal cleavage with aq. HCl provided nonsymmetric monoalkylated minidendron
esters 8 within 2 h. Subsequent Williamson etherification of 4 and 8 with the appropriate
bromoalkene afforded sequence-defined symmetric (6r6-, r6r-, 10r10-, and r10r-) and
nonsymmetric (rr6-, 66r-, rr10-, 1010r-) minidendron esters 5.
Scheme 6.1. Synthesis of Perylene Bisimides with Sequence-Defined Linear-Racemic
Hybrid Minidendronsa

a

Reagents and conditions: (i) BnCl, K2CO3, DMF, 70 °C, 12 h; (ii) RBr, K2CO3, DMF, 60–90 °C,
10–16 h; (iii) H2, Pd/C, CH2Cl2-MeOH, 23 °C, 9–24 h; (iv) HC(OEt)3, toluene, reflux, 18 h; (v) aq.
HCl, 23 °C, 1–2 h; (vi) LiAH4, THF, 23 °C, 1–4 h; (vii) SOCl2, cat. DMF, CH2Cl2, 23 °C, 1–3 h; (viii)
NaN3, DMF, 70–90 °C, 14–16 h; (ix) Zn(OAc)2∙2H2O, imidazole, 160 °C, 14–21 h.
Conversion of esters 5 to amines 12 proceeded via an expedited multi-step sequence.17 Esters 5
were treated with LiAlH4 in THF to produce alcohols 9 within 1–4 h at 23 °C (89–99% yield), which
were converted to chlorides 10 with thionyl chloride and catalytic DMF in CH2Cl2 at 23 °C (1–3 h,
95–99%). Subsequent reaction with sodium azide in DMF provided minidendron azides 11 (70–
234

90 °C, 14–16 h, 44–98%) which were reduced with LiAlH4 in THF to give amines 12 (23 °C, 1–4 h,
67–97%).
Preparation of the target PBIs was achieved via imidation of perylene tetracarboxylic dianhydride
(PTCDA) in molten imidazole.20 PTCDA, 12, zinc acetate dihydrate and imidazole were heated to
160 °C and stirred for 14–21 h. Precipitation of the crude product by addition of the cooled reaction
mixture to acidified methanol provided a crude dark red which was purified by column
chromatography using CH2Cl2 as eluent. Precipitation of a CHCl3 solution of the isolated product
into methanol afforded the eight hybrid PBIs r6r-, 6r6-, rr6-, 66r-, r10r-, 10r10-, rr10-, and 1010rPBI in 48–72% yield. The synthesis of rrr-PBI,13 666-PBI,16 and 101010-PBI16 was reported
previously. The purity and identity of the eight hybrid PBIs was confirmed by 1H and

13C

NMR

spectroscopy, as well as by GPC (Figure A6.1) and MALDI-TOF mass spectrometry (Figure A6.2).
As expected, the hydrodynamic volume of the hybrid PBIs increases with molecular weight, as
signified by decreasing elution time (Figure A6.1).
6.2.2

Thermal Analysis of PBIs with Sequence-Defined Hybrid Linear-Racemic Dendrons

by Differential Scanning Calorimetry (DSC)
DSC provides an accessible technique to probe the thermal phase behavior of supramolecular
assemblies. Second heating and first cooling DSC thermograms of the series of hybrid dm8*/C6
and dm8*/C10 PBIs recorded at 10 °C/min are presented in Figure 6.1. DSC data for hybrid
dm8*/C8 PBIs17 are also included for comparison. The second heating scan is presented because
the first heating scan will analyze any kinetically trapped phases in the as-prepared sample, which
may or may not be reproducible upon subsequent heating and cooling and do not represent a
thermodynamically favored phase. For 14 of the 16 PBIs presented in Figure 6.1, the second
heating reproduces the first heating scan and so this selection is inconsequential. In contrast, r6rand r10r-PBI generate a columnar centered orthorhombic (Φc–ok) phase on first heating that is not
re-formed upon subsequent cooling and heating, denoted in green in Figure 6.1. Thermal analysis
including the first heating is presented in Table A6.1.
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The crystalline columnar hexagonal phase with single crystal-like order (Φhk2) of rrr-PBI that
assembled according to the cogwheel model for self-assembly13 was observed for in all PBIs with
dm8*/C8 hybrid dendrons.17 In contrast, replacement of the linear octyl chain with hexyl or decyl
eliminates the cogwheel Φhk2 phase from the assemblies of six of the eight hybrids (r6r-, 6r6-, 66r-,
r10r-, 10r10-, and 1010r-PBI).

Figure 6.1. DSC traces of PBIs with hybrid linear-racemic dendrons, with linear chains of (left)
C6H13, (center) C8H17, and (right) C10H21. In all cases, second heating and first cooling scans
recorded with heating and cooling rates of 10 °C/min are shown. Phases determined by X-ray
diffraction (to be discussed later), transition temperatures (in °C), and associated enthalpy changes
(in parentheses, in kcal/mol) are indicated. Phases denoted in green are observed only upon first
heating at 10 °C/min. Phase notation: Φhk1 – columnar hexagonal crystalline phase with offset
dimers13; Φhk2 – columnar hexagonal crystalline phase with cogwheel assembly13; xk – unknown
crystalline columnar phase; Φs–ok – columnar simple orthorhombic crystalline phase; Φc–ok –
columnar centered orthorhombic crystalline phase; Φmk – columnar monoclinic crystalline phase;
Φhio – 2D columnar hexagonal phase with short range intracolumnar order; i – isotropic. Note:
quantitative uncertainties are ±1 ºC for thermal transition temperatures and ~ 2% for the associated
enthalpy changes reported in kcal/mol.
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Only nonsymmetric rr6- and rr10-PBI self-organize to generate the cogwheel phase. This
observation immediately reveals that the length of the alkyl chain on the periphery of the
supramolecular column is critical to the formation of the cogwheel phase, in agreement with the
cogwheel model originally proposed.13 The six hybrid PBIs that do not self-organize into a cogwheel
Φhk2 phase instead generate centered orthorhombic Φc–ok phases. These Φhk2 and Φc–ok phases
area all observed upon first heating at 10 °C/min without annealing, in contrast to the Φhk2 phase
of rrr-PBI which is not observed upon heating and cooling at 10 °C/min but instead requires slower
heating (1 °C/min) or annealing at elevated temperature (for example at 100 °C for 3 h). The
increase in the rate of formation of the high order Φhk2 and Φc–ok phases in PBIs with dm8*/C6 and
dm8*/C10 hybrid dendrons is consistent with the similar acceleration observed for PBIs with
dm8*/C8 hybrid dendrons.17 However, unlike the dm8*/C8 hybrid dendrons, which generated the
cogwheel Φhk2 phase upon both heating and cooling at 10 °C/min, rr6- and rr10-PBI crystallize into
the Φhk2 phase only upon heating (Figure 6.1).
The isotropization temperatures (Ti) of the dm8*/C6 and dm8*/C10 hybrids show similar trends to
those of the dm8*/C8 hybrids.17 Although the Ti values of the PBIs with all-linear dendrons (272
and 227 °C for 666- and 101010-PBI, respectively) are higher than those of rrr-PBI (200 °C), Ti
does not increase steadily as the number of linear chains is increased in the dendron (compare,
for example, Ti of r6r-PBI (229 °C) and 6r6-PBI (216 °C)). Instead, the chain in the 4-position
programs the thermal stability, such that hybrid PBIs with a linear chain at the 4-position exhibit Ti
values closer to the PBI with all-linear dendrons, whereas hybrid PBIs with a dm8* chain at the 4position exhibit Ti values more like rrr-PBI. Within each subset (that is, linear or dm8* chain at the
4-position), a trend of increasing Ti with increasing number of linear chains is observed. This
thermal behavior is observed for dm8*/Cn hybrids with n = 6, 8, and 10.
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Figure 6.2. Comparison of isotropization temperatures determined by DSC.
PBIs with all-linear chains, nnn-PBI with n = 6 to 12, exhibit a decrease in Ti as the length of the
alkyl chain, n, increases,16 as can be seen by comparing the Ti values of 666-, 888-, and 101010PBI (Figure 6.1). This trend of decreasing Ti value with increasing linear alkyl chain length is also
observed in all hybrid dendrons. Irrespective of the number and sequence of the alkyl chains, hybrid
PBIs with hexyl chains have higher Ti values than the corresponding octyl- and decyl-functionalized
analogues (Figure 6.2).
6.2.3

Structural Analysis of PBIs with Sequence-Defined dm8*/C6 Dendrons

X-ray diffraction (XRD) of oriented fibers was used to determine the supramolecular structures
noted in Figure 6.1. Structures were determined by an iterative simulation library approach,
described in detail previously.17 In summary, molecular models of the supramolecular column were
prepared and the conformation of the peripheral alkyl chains modified strategically. The geometry
of these structures was optimized using Materials Studio 5.0 (Accelrys; Forcite module, Universal
force field) and their XRD pattern simulated. The simulated and experimental XRD were compared
and the model revised until there was good agreement and subsequent iterations of the modeling
and simulation cycle did not improve the agreement between experimental and simulated data.
Experimental and simulated XRD are compared for PBIs with dm8*/C6 hybrid dendrons in Figure
6.3 and for PBIs with dm8*/C10 hybrid dendrons in Figure 6.4. Full structural analysis parameters
are provided in Table A6.2.
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Figure 6.3. Experimental (left) and simulated (right) oriented fiber X-ray diffraction (XRD) of (a) rrrPBI, (b) rr6-PBI, (c) r6r-PBI, (d) 6r6-PBI, (e) 66r-PBI, and (f) 666-PBI. Fiber axis, temperature,
phase, and lattice parameters are indicated.
The cogwheel Φhk2 phase generated by rrr-PBI13 and all dm8*/C8 hybrids17 is observed only for
rr6-PBI (Figure 6.3b) and rr10-PBI (Figure 6.4b). Other dm8*/C6 and dm8*/C10 generate Φc–ok
phases. The hexagonal phase is a special case of the centered orthorhombic phase such that a
Φhk2 phase with lattice parameter ahex is equivalent to a Φc–ok phase with lattice parameters acok =
ahex and bcok = ahex/(√3). Hence the deviation of the ratio a/b from √3 (≈ 1.732) provides a measure
of the distortion of the Φc–ok phase from a Φhk2 lattice. For PBIs with dm8*/C6 dendrons, the ratio
a/b decreases steadily from rrr-PBI to 888-PBI (a/b = 1.32). This decrease follows the order of
compounds presented in Figure 6.3, such that XRD patterns that deviate most from the cogwheel
Φhk2 phase of rrr-PBI and rr6-PBI (Figure 6.3a, b, a/b = 1.73) have the lowest a/b ratio (r6r-PBI,
Figure 6.3c, a/b = 1.57; 6r6- and 66r-PBI, Figure 6.3d, e, a/b = 1.39; r6r-PBI, Figure 6.3e, a/b =
1.32). This suggests that not only does the incorporation of linear hexyl chains distort the
supramolecular assembly from a hexagonal array, but that increasing the number of linear chains
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broadly increases the degree of this distortion. In contrast, the a/b ratios of the four PBIs with
dm8*/C10 hybrid dendrons are almost identical (a/b = 1.53 ± 0.02), indicating that the dm8*/C10
hybrids are distorted to a similar degree, and that this distortion is less pronounced than for 6r6-,
66r- and r6r-PBI.

Figure 6.4. Experimental (left) and simulated (right) oriented fiber X-ray diffraction (XRD) of (a) rrrPBI, (b) rr10-PBI, (c) r10r-PBI, (d) 10r10-PBI, (e) 1010r-PBI, and (f) 101010-PBI. Fiber axis,
temperature, phase, and lattice parameters are indicated.
The supramolecular columns of the Φhk2 and Φc–ok phases of all eight hybrid dm8*/C6 and
dm8*/C10 molecules exhibit similar intermolecular packing. From the experimental densities of the
PBIs, which range from 1.04 g/cm 3 to 1.10 g/cm3 (Table A6.3), it can be calculated that the number
of molecules per column stratum, µ, is 0.92–1.07, that is, 1 molecule. The distance between strata,
which corresponds to the average π–π stacking distance, is 3.7 ± 0.1 Å. There is a substantial
difference in the diameters of the columns in the Φc–ok phase. For dm8*/C6 hybrids, the column
diameter (Dcol) ranges from 23.8 Å (6r6-PBI) to 25.6 Å (r6r-PBI) whereas for dm8*/C10 Dcol ranges
from 26.6 Å (1010r-PBI) to 29.2 Å (10r10-PBI). The trend for larger columns with increasing alkyl
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chain length is supported also by Dcol of the dm8*/C8 hybrids, 26.7 ± 0.4 Å and likely arises due to
the increased alkyl chain volume that must be accommodated within the columnar array.
6.2.4

Mismatch of Alkyl Chains on the Periphery of the Column Exterior

The alkyl chain length was proposed to be an important parameter for the formation of
supramolecular columns via the cogwheel model because of the close match between the length
of the dm8* chain and the periodicity of the helical cogwheel column.13 DSC (Figure 6.2) and XRD
data (Figures 6.3 and 6.4) support the conclusion that a non-ideal alkyl chain length disrupts the
cogwheel model.

Figure 6.5. Deviations from an ideal cogwheel model of the column exterior. (a) The shorter C 6H13
alkyl chains of 6r6-PBI are unable to completely cover the exterior of the supramolecular column,
leaving vacancies (highlighted in green). (b) The longer C 10H21 alkyl chains must bend or twist to
avoid steric hindrance with chains further down the column formed by 10r10-PBI. This bending
requires the adoption of gauche bonds (highlighted with blue ellipses).
The impact of mismatching alkyl chain lengths on the supramolecular columns was examined using
the models generated via the simulation library approach. For dm8*/C8 hybrids,17 the octyl chains
were able to completely cover the exterior of the supramolecular column without leaving vacancies
or overlapping. Models for 6r6- and 10r10-PBI (Figure 6.5) show that both of these issues are
present in hybrids with shorter or longer chain lengths. The shorter length of the hexyl chain in r6rPBI (Figure 6.5a) cannot fully cover the exterior of the supramolecular column, leaving vacancies
(highlighted in green in Figure 6.5a). These vacancies can be minimized by shifting of the PBI
molecules within the ab-plane of the unit cell, thereby distorting the cylindrical profile of the column
and forcing self-assembly into a Φc–ok phase rather than a cogwheel Φhk2 phase. The longer length
of the decyl chain in r10r-PBI also distorts the cylindrical profile of the supramolecular column
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(Figure 6.5b). This arises because the decyl chain cannot lie perfectly parallel to the column axis
without encountering steric hindrance from a molecule further along the column. Hence the decyl
chain must adopt gauche conformations, which distort the chain shape and distort the column
profile, again driving assembly towards a Φc–ok phase.

Figure 6.6. Comparison of supramolecular columns in (a) r6r-PBI and (b) r10r-PBI. Both
compounds self-organize into a Φc–ok phase with almost identical lattice parameters (indicated).
Unit cell denotes by yellow rectangle. Outlines of supramolecular columns with identical crosssectional area are denoted by purple broken hexagons.
The enhanced degree of distortion from a hexagonal phase in the Φc–ok phases of dm8*/C6 hybrids
(as quantified using the b/a ratio discussed above) suggests that filling vacancies in the column
exterior generally requires more molecular reorganization than is needed to accommodate the extra
volume of decyl chains. However, the distortion from a hexagonal phase (b/a = 1.73) is almost
equal in the Φc–ok arrays of r6r-PBI (b/a = 1.57) and r10r-PBI (b/a = 1.55).
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Figure 6.7. Conformations of linear alkyl chains in (a) r6r-PBI and (b) r10r-PBI. Color code: linear
alkyl chains, orange; rac-dm8* chain, green. Hydrogen atoms omitted for clarity.
Molecular modeling of the Φc–ok phases of r6r- and r10r-PBI (Figure 6.6) reveals that there is
additional reorganization in rr6-PBI compared to rr10-PBI, as predicted from the discussion above,
but this reorganization is manifested as an increased degree of overlap between adjacent
supramolecular columns. The broken purple hexagons in Figure 6.6 represent supramolecular
columns with identical cross-sectional areas within the unit cell (that is, each column has the same
shape accounts for one half of the unit cell volume). The molecules of r10r-PBI are almost perfectly
constrained within these columns (Figure 6.6b), whereas the molecules of r6r-PBI extend further
from each column, overlapping with adjacent columns (Figure 6.6a). This enhanced interdigitation
between columns fills the vacancies on the column exterior and provides a favorable packing with
minimal distortion from the more symmetric hexagonal lattice. Examining the conformation of
individual molecules supports this enhanced interdigitation of r6r-PBI (Figure 6.7). The hexyl chains
of r6r-PBI adopt predominantly anti conformations and are directed towards neighboring columns
(Figure 6.7a) whereas the decyl chains of r10r-PBI exhibit an increased tendency for gauche
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conformations in the middle of the chain (Figure 6.7b), bending the alkyl chain towards the column
center and reducing the degree of interdigitation with neighboring columns.
6.2.5

The Cogwheel Model of rr6- and rr10-PBI

The incorporation of hexyl or decyl chains into a cogwheel column is greatly disfavored. However,
the formation of the cogwheel Φhk2 phase from rr6- and rr10-PBI (Figures 6.3b and 6.4b) suggests
that longer and shorter alkyl chain lengths can be accommodated within the cogwheel column but
that the rrn sequence is privileged in some respect. Molecular models of the supramolecular
cogwheel columns of rrr-, rr6-, and rr10-PBI are compared in Figure 6.8. In each case, two dm8*
chains have been colored green and the third chain in the rrn sequence has been colored
differently. The top views of the supramolecular columns display a clear trend that the third chain
in the sequence is located, on average, closer to the center of the supramolecular column than the
two rac-dm8* chains colored in green. This is true not only for the linear C6 and C10 chains but
also for the dm8* chain in rrr-PBI.

Figure 6.8. Molecular models of supramolecular columns of the cogwheel Φhk2 phase selfassembled from (a) rrr-PBI, (b) rr6-PBI, and (c) rr10-PBI. Columns are viewed (top) along column
axis and (bottom) perpendicular to column axis. Color code: peripheral rac-dm8* chains, green;
interior rac-dm8* chains, blue; interior linear chains, orange.
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From the idealized cogwheel model13 it would be expected that the all chains are equally presented
on the exterior of the supramolecular column. However, recent work on dm8*/C8 hybrids
demonstrated a twist of the phenyl ring of the dendron which moved some chains closer to the
column center.17 Indeed, side views of the supramolecular columns of rrr-, rr6-, and rr10-PBI show
that the exterior column is more weighted towards green dm8* chains than expected from the 2:1
ratio of dm8* chains to other chains in the rrn sequence. Therefore, the rrn sequence obscures
the identity of the n chain from the periphery of the column, maintaining the cogwheel column
exterior and enabling assembly via the cogwheel model.
The column diameters, Dcol, of the rrn-PBIs show a clear dependence on alkyl chain length, such
that longer alkyl chains give larger Dcol (Figure 6.8). These data and the molecular models obtained
from the simulation library approach suggest a rationale for the observation of the Φhk2 phase in
only rrn-PBIs for n = 6 and 10. The shorter C6 alkyl chain is unable to adequately cover the exterior
of the supramolecular column, leaving vacancies. Instead, the twisting of the dendron places the
C6 chain closer to the center, ensuring that a larger proportion of the exterior is covered in dm8*
chains and therefore reducing the vacancies on the column exterior. This compresses the column,
giving rise to a lower Dcol. In contrast, the extra volume of the C10 alkyl chains cannot be
accommodated on the exterior without bending the decyl chains and introducing disorder on the
column exterior. Instead, the rr10 sequence allows the C10 chain to bend towards the center of
the column, while expanding the positions of the dm8* chains to accommodate the additional chain
volume near the column center. This prevents distortion of the column exterior and expands the
column diameter. No other dendron sequence places dm8* chains closer to the column exterior
while sequestering linear chains closer to the column center, and hence only rr6- and rr10-PBI
exhibit the cogwheel Φhk2 phase in PBIs with hybrid dm8*/C6 and dm8*/C10 dendrons.
6.2.6

Dynamics Probed by Solid State NMR

Solid state NMR is sensitive to local conformations and dynamic molecular motion, and therefore
provides insights not only into supramolecular structure but also into the dynamics of individual
chemical groups.21,22
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13C

Cross-polarization magic angle spinning (CP-MAS) solid state NMR experiments of PBIs with

hybrid dm8*/C6 dendrons are presented in Figure 6.9. Differences in chemical shifts, peak splitting
and line narrowing indicate conformational changes or molecular reorganization. Clear differences
are discernible when comparing molecules with two hexyl chains (6r6- and 66r-PBI) and those with
one hexyl chain (r6r- and rr6-PBI). NMR spectra of 6r6- and 66r-PBI exhibit increased splitting of
signals arising from the C=O carbon (> 160 ppm, green in Figure 6.9), phenyl ortho carbon (105–
115 ppm, blue in Figure 6.9), and –NCH2– signals (41–45 ppm, pink in Figure 6.9), indicating that
the symmetry of the supramolecular column is decreased in these molecules compared to r6r- and
rr6-PBI. The splitting suggests that the PBI molecules are shifted from the center of the column,
consistent with the increased deviation of 6r6- and 66r-PBI from hexagonal packing (b/a = 1.39 for
6r6- and 66r-PBI compared to b/a = 1.57 for r6r-PBI).

Figure 6.9. 13C Cross-polarization magic angle spinning (CP-MAS) solid state NMR studies of PBIs
with hybrid dm8*/C6 dendrons. Regions of interest discussed in the main text are colored for ease
of reference.
The differences in the molecular conformation of rnr-PBI can also be probed by 13C CP-MAS NMR.
Excerpts of

13C

CP-MAS NMR spectra of r6r-, r8r-, and r10r-PBI pertaining to aliphatic carbons

are shown in Figure 6.10. With increasing alkyl chain length, the signal arising from the (ω–1)
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carbon, where ω is the terminal carbon at the chain end, splits into numerous signals (A in Figure
6.10), indicating that the alkyl chains are adopting more numerous, stable conformations that do
not exchange on the NMR timescale (µs). Furthermore, the development of a new peak at ~30 ppm
(B in Figure 6.10) with increasing chain length indicates the presence of stable, gauche-like twisted
conformations in the center of the alkyl chain. This supports the observation of gauche
conformations in the molecular models of r10r-PBI (Figure 6.7b). This reduction in the dynamic
motion of the alkyl chains with increasing alkyl chain length also affects the conformation of the
dm8* chains, as evidenced by splitting in signals arising from dm8* in r10r-PBI (C in Figure 6.10).
Hence the restricted motion of the linear decyl chains also restricts the motion of the branched
dimethyloctyl chain.

Figure 6.10. 13C Cross-polarization magic angle spinning (CP-MAS) solid state NMR studies of the
alkyl chains of r6r-, r8r-, and r10r-PBI.

6.3

Conclusions

When the cogwheel model was first introduced,13 it was proposed that the alkyl chain length plays
a critical role in enabling cogwheel self-organization. The simulation library approach applied here
in combination with DSC, XRD, and solid state NMR provides new details about the tolerance of
the cogwheel assembly to alkyl chain length. PBIs with linear-racemic hybrid dendrons containing
hexyl and decyl chains exhibit a sequence-dependent ability to assemble into columnar hexagonal
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cogwheel arrays or similar pseudohexagonal cogwheel-like structures. Only nonsymmetric rr6- and
rr10-PBI are able to generate a cogwheel columnar hexagonal phase. This sequence and chain
length dependence are rationalized by the necessity to accommodate vacancies or additional chain
volume on the column exterior, introduced by the shorter hexyl or longer decyl chains. These results
provide clues as to the tolerance of additional functional groups in the cogwheel model, including
ethylene glycol or fluorinated chains, and suggest that the chain length must be carefully controlled
to incorporate additional functionality into cogwheel columns. Additional work on these systems
must be done. Furthermore, the similarity of the cogwheel columns of the hexagonal arrays of rr6and rr10-PBI to some of the cogwheel-like columns of the orthorhombic phases self-organized by
other hybrid PBIs raise the question of whether deracemization, which was observed for rrr-PBI
and its chiral analogues,13 might also occur in orthorhombic phases. Experiments with chiral-hexyl
and chiral-decyl hybrid PBIs are forthcoming.

6.4

Experimental Section

6.4.1

Materials

The synthesis of 2, rac-3, rac-4, 6, rac-7, and rac-8 was reported previously.17
Thionyl chloride (99.5%), LiAlH4 (95%), K2CO3, aluminum oxide (activated, basic, Brockmann I,
standard grade, 150 mesh, 58 Å) (all from Aldrich), and silica gel (60 Å, 32-63 m) (Sorbent
Technology) were used as received. Dichloromethane (Fisher, ACS reagent grade) was refluxed
over CaH2 and freshly distilled before use. THF (Fisher, ACS reagent grade) was refluxed over
sodium/benzophenone until the solution turned purple and distilled before use. All other chemicals
were commercially available and were used as received.
6.4.2

Techniques

Solution NMR. 1H NMR (500 MHz) and

13C

NMR (125 MHz) spectra were recorded on a Bruker

DRX 500 instrument at 300 K using the indicated solvent.
HPLC. The purity of the products was determined by a combination of thin-layer chromatography
(TLC) on silica gel coated aluminum plates (with F 254 indicator; layer thickness, 200 m; particle
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size, 2-25 m; pore size 60Å, SIGMA-Aldrich) and high pressure liquid chromatography (HPLC)
using THF as mobile phase at 1 mL/min, on a Shimadzu LC-10AT high pressure liquid
chromatograph equipped with a Perkin Elmer LC-100 oven (40 °C), containing two Perkin-Elmer
PL gel columns of 5 × 102 and 1 × 104 Å, a Shimadzu SPD-10A UV detector ( = 254 nm), a
Shimadzu RID-10A RI-detector, and a PE Nelson Analytical 900 Series integrator data station.
Differential scanning calorimetry (DSC). Thermal transitions were determined on a TA Instruments
Q100 differential scanning calorimeter (DSC) equipped with a refrigerated cooling system with
10 °C min-1 heating and cooling rates. Indium was used as calibration standard. The transition
temperatures were calculated as the maxima and minima of their endothermic and exothermic
peaks.

An Olympus BX51 optical microscope (100× magnification) equipped with a Mettler

FP82HT hot stage and a Mettler Toledo FP90 Central Processor was used to verify thermal
transitions. Melting points were measured using a uni-melt capillary melting point apparatus (Arthur
H. Thomas Company) and were uncorrected.
Density measurements. A small extruded fiber (~1.0 mg) was placed in a vial filled with water. The
sample sank to the bottom of the vial due to its high density compared with water. A saturated
aqueous solution of sodium chloride was then added into the solution at ~0.1 g per aliquot to
gradually increase the solution density. Sodium chloride solution was added at an interval of at
least 20 min to ensure equilibrium within the solution. When the sample was suspended in the
middle of the solution, the density of the sample was identical to that of the solution, which was
measured by a 10 mL volumetric flask.
Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry. MALDITOF mass spectrometry was performed on PerSeptive Biosystems-Voyager-DE (Framingham,
MA) mass spectrometer equipped with a nitrogen laser (337 m) and operating in linear mode.
Internal calibration was performed using Angiotensin II, and Bombesin as standards. The analytical
samples were obtained by mixing THF solution of the sample (5–10 mg/mL), and the matrix (3,5dihydroxybenzoic acid) (10 mg/mL) in a 1:1 to 1:5 v/v ratio. The prepared solution (0.5 L) was
loaded on the MALDI plate and allowed to dry at 25 oC before the plate was inserted into the
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vacuum chamber of the MALDI instrument. The laser steps, and voltages were adjusted depending
on the molecular weight, and the nature of each analyte.
X-ray diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics, and triple pinhole
collimation were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a BrukerAXS Hi-Star multiwire area detector. To minimize attenuation, and background scattering, an
integral vacuum was maintained along the length of the flight tube, and within the sample chamber.
Samples were held in glass capillaries (1.0 mm in diameter), mounted in a temperature-controlled
oven (temperature precision: ± 0.1 °C, temperature range from –10 °C to 210 °C). Aligned samples
for fiber XRD experiments were prepared using a custom-made extrusion device. The powdered
sample (~10 mg) was heated inside the extrusion device. After slow cooling, the fiber was extruded
in the liquid crystal phase, and cooled to 23 °C. Typically, the aligned samples have a thickness of
0.3–0.7 mm, and a length of 3–7 mm. All XRD measurements were done with the aligned sample
axis perpendicular to the beam direction. Primary XRD analysis was performed using Datasqueeze
(version 3.0.5).
6.4.3

Synthesis

Methyl 4-(benzyloxy)-3,5-bis(hexyloxy)benzoate (C6-3). K2CO3 (6.63 g, 48.0 mmol) was added
to DMF (30 mL) and the resultant suspension purged with N 2 for 30 min. To the suspension was
added 2 (2.19 g, 8.0 mmol) followed by 1-bromohexane (2.36 mL, 16.8 mmol). The mixture was
heated to 60 °C whereupon it was stirred for 10 h. After being cooled to 23 °C, the mixture was
poured into cold water (150 mL) and extracted with ethyl acetate (30 mL × 4). The combined
organics were washed with water (60 mL × 2) and brine (60 mL × 2), dried (MgSO 4), filtered, and
concentrated in vacuo. Purification by column chromatography (silica gel, 2–5% ethyl acetate in
hexanes) give C6-3 as a colorless oil (2.54 g, 72%).
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1H

NMR (500 MHz, CDCl3, δ): 7.52–7.46 (m, 2H, –OC6H5), 7.37–7.31 (m, 2H, –OC6H5), 7.29 (d, J

= 7.1 Hz, 1H, –OC6H5), 7.26 (s, 2H, ArH), 5.08 (s, 2H, –OCH2Ph), 4.01 (t, J = 6.5 Hz, 4H, –OCH2),
3.89 (s, 3H, –CO2CH3), 1.85–1.77 (m, 4H, –OCH2CH2), 1.52–1.45 (m, 4H, –O(CH2)2CH2), 1.37–
1.30 (m, 8H, –O(CH2)3CH2 and –O(CH2)4CH2), 0.90 (t, 6H, –CH2CH3). 13C NMR (126 MHz, CDCl3,
δ): 166.80, 152.78, 141.64, 137.73, 128.14, 128.03, 127.73, 125.00, 107.74, 77.17, 74.75, 69.09,
52.03, 31.48, 29.18, 25.67, 22.51, 13.94.

Methyl 4-(benzyloxy)-3,5-bis(decyloxy)benzoate (C10-3). K2CO3 (6.63 g, 48.0 mmol) was added
to DMF (30 mL) and the resultant suspension purged with N 2 for 30 min. To the suspension was
added 2 (2.19 g, 8.0 mmol) followed by 1-bromodecane (3.49 mL, 16.8 mmol). The mixture was
heated to 60 °C whereupon it was stirred for 10 h. After being cooled to 23 °C, the mixture was
poured into cold water (150 mL) and extracted with ethyl acetate (30 mL × 4). The combined
organics were washed with water (60 mL × 2) and brine (60 mL × 2), dried (MgSO 4), filtered, and
concentrated in vacuo. Purification by column chromatography (silica gel, 2% ethyl acetate in
hexanes) give C10-3 as a colorless oil (4.35 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 7.53–7.46 (m, 2H, –OC6H5), 7.33 (t, J = 7.2 Hz, 2H, –OC6H5), 7.31–

7.28 (m, 1H, –OC6H5), 7.26 (s, 2H, ArH), 5.08 (s, 2H, –OCH2Ph), 4.01 (t, J = 6.5 Hz, 4H, –OCH2),
3.89 (s, 3H, –CO2CH3), 1.84–1.77 (m, 4H, –OCH2CH2), 1.51–1.43 (m, 4H, –O(CH2)2CH2), 1.39–
1.19 (m, 24H, –(CH2)6–), 0.88 (t, J = 6.9 Hz, 6H, –CH2CH3). 13C NMR (126 MHz, CDCl3, δ): 167.06,
153.02, 141.88, 137.96, 128.38, 128.27, 127.97, 125.23, 107.99, 75.00, 69.33, 51.01, 32.04, 29.74,
29.72, 29.55, 29.46, 26.24, 22.82, 14.24.

Methyl 3,5-bis(hexyloxy)-4-hydroxybenzoate (C6-4). A 500 mL round-bottomed flask was
purged with N2 and sealed with a rubber septum. Palladium on carbon (0.13 g, 5% w/w) was added
as a slurry mixed with CH2Cl2 (50 mL). MeOH (25 mL) was subsequently added, followed by C6-3
(2.54 g). The flask was sealed with a three-way adapter, evacuated and backfilled with H2 five
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times. The mixture was stirred under H2 (balloon) at 23 °C. After 9 h, the mixture was filtered
through a Celite plug using CH2Cl2 as eluent. Evaporation of solvent in vacuo gave C6-4 as a
colorless oil (2.00 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 7.29 (s, 2H, ArH), 5.89 (s, 1H, ArOH), 4.08 (t, J = 6.7 Hz, 4H, –

OCH2), 3.89 (s, 3H, –CO2CH3), 1.88–1.79 (m, 4H, –OCH2CH2), 1.51–1.42 (m, 4H, –O(CH2)2CH2),
1.40–1.29 (m, 8H, –O(CH2)3CH2 and –O(CH2)4CH2), 0.91 (t, 6H, –CH2CH3).

13C

NMR (126 MHz,

CDCl3, δ): 167.11, 146.24, 139.94, 121.06, 107.86, 69.69, 52.17, 31.68, 29.29, 25.76, 22.72, 14.14.

Methyl 3,5-bis(decyloxy)-4-hydroxybenzoate (C10-4). A 500 mL round-bottomed flask was
purged with N2 and sealed with a rubber septum. Palladium on carbon (0.22 g, 5% w/w) was added
as a slurry mixed with CH2Cl2 (50 mL). MeOH (25 mL) was subsequently added, followed by C103 (4.35 g). The flask was sealed with a three-way adapter, evacuated and backfilled with H2 five
times. The mixture was stirred under H2 (balloon) at 23 °C. After 24 h, the mixture was filtered
through a Celite plug using CH2Cl2 as eluent. Evaporation of solvent in vacuo gave C10-4 as a
colorless oil (3.61 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 7.29 (s, 2H, ArH), 6.00 (s, 1H, ArOH), 4.08 (t, J = 6.7 Hz, 4H, –

OCH2), 3.88 (s, 3H, –CO2CH3), 1.87–1.79 (m, 4H, –OCH2CH2), 1.48–1.41 (m, 4H, –O(CH2)2CH2),
1.39–1.21 (m, 24H, –(CH2)6–), 0.88 (t, 6H, –CH2CH3).

13C

NMR (126 MHz, CDCl3, δ): 167.09,

146.23, 139.97, 120.96, 107.85, 69.64, 52.10, 31.99, 29.65, 29.64, 29.46, 29.41, 29.29, 26.04,
22.77, 14.18.

General procedure for preparation of symmetric minidendron esters 5. K2CO3 (2 eq.) was
added to DMF (x mL, 0.25 M) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added 4 (1 eq.) followed by appropriate 1-bromoalkane (1.1 eq.). The mixture was
heated to 60–80 °C whereupon it was stirred for 14–16 h. After being cooled to 23 °C, the mixture
was poured into cold water (5x mL) and extracted with ethyl acetate (x mL × 4). The combined
organics were washed with water (2x mL × 2) and brine (2x mL × 2), dried (MgSO4), filtered, and
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concentrated in vacuo. The residue was passed through a silica plug using 2–5% ethyl acetate in
hexanes as eluent to give symmetric ester 5.

Methyl 4-(((rac)-3,7-dimethyloctyl)oxy)-3,5-bis(hexyloxy)benzoate (6r6-5). From C6-4 (2.00 g,
5.7 mmol) and (rac)-1-bromo-3,7-dimethyloctane (1.38 g, 6.2 mmol) stirred in DMF (25 mL) at
60 °C for 14 h, 6r6-5 was obtained as a colorless oil (2.28 g, 82%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.16–4.03 (m, 2H, –OCH2 dm8*), 4.01 (t, J = 6.6

Hz, 4H, –OCH2 C6), 3.89 (s, 3H, –CO2CH3), 1.86–1.78 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2
C6), 1.77–1.66 (m, 1H, –CH(CH3)CH2–), 1.56–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2
C6), 1.39–1.29 (m, 14H, –(CH2)3– dm8* and –(CH2)2– C6), 0.95–0.84 (m, 15H, –CH(CH3)2, –CH3
dm8* and –CH2CH3 C6).

13C

NMR (126 MHz, CDCl3, δ): 167.10, 153.00, 142.54, 124.82, 108.15,

71.87, 69.33, 52.24, 39.50, 37.48, 31.72, 29.80, 29.42, 28.15, 25.90, 24.87, 22.84, 22.77, 22.74,
19.69, 14.17.

Methyl 3,5-bis(((rac)-3,7-dimethyloctyl)oxy)-4-(hexyloxy)benzoate (r6r-5). From rac-4 (2.09 g,
4.5 mmol) and 1-bromohexane (0.69 mL, 5.0 mmol) stirred in DMF (20 mL) at 60 °C for 16 h, r6r5 was obtained as a colorless oil (2.31 g, 94%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.10–3.98 (m, 6H, –OCH2 dm8* and C6), 3.89 (s,

3H, –CO2CH3), 1.90–1.82 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.66 (m, 4H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C6), 1.66–1.43 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.37–1.12 (m, 16H, –
(CH2)3– dm8* and –(CH2)2– C6), 0.95 (d, 6H, –CH3 dm8*), 0.91 (t, 3H, –CH3 C6), 0.87 (d, 12H, –
CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ): 166.84, 152.72, 142.27, 124.56, 107.87, 73.35,

67.39, 51.99, 39.16, 37.22, 36.22, 31.64, 30.19, 29.73, 27.89, 25.62, 24.63, 22.59, 22.49, 19.51,
13.98.
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Methyl 3,5-bis(decyloxy)-4-(((rac)-3,7-dimethyloctyl)oxy)benzoate (10r10-5). From C10-4
(3.64 g, 7.8 mmol) and (rac)-1-bromo-3,7-dimethyloctane (1.91 g, 8.6 mmol) stirred in DMF (30
mL) at 60 °C for 14 h, 10r10-5 was obtained as a colorless oil (3.66 g, 77%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.11–4.03 (m, 2H, –OCH2 dm8*), 4.01 (t, J = 6.6

Hz, 4H, –OCH2 C10), 3.89 (s, 3H, –CO2CH3), 1.86–1.77 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2
C10), 1.77–1.65 (m, 1H, –CH(CH3)CH2–), 1.55–1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2
C10), 1.40–1.08 (m, 30H, –(CH2)3– dm8* and –(CH2)6– C10), 0.92 (d, J = 6.6 Hz, 3H, –C(H)CH3
dm8*), 0.95–0.84 (m, 12H, –CH(CH3)2 dm8* and –CH3 C10).

13C

NMR (126 MHz, CDCl3, δ):

167.10, 153.00, 149.28, 124.82, 108.15, 71.87, 69.33, 52.24, 39.51, 37.64, 37.49, 32.06, 29.80,
29.78, 29.73, 29.55, 29.49, 29.46, 28.15, 26.24, 24.87, 22.83, 22.76, 19.70, 14.25.

Methyl 4-(decyloxy)-3,5-bis(((rac)-3,7-dimethyloctyl)oxy)benzoate (r10r-5). From rac-4 (2.09
g, 4.5 mmol) and 1-bromodecane (1.09 mL, 5.0 mmol) stirred in DMF (20 mL) at 60 °C for 16 h,
r10r-5 was obtained as a colorless oil (2.36 g, 87%).
1H

NMR (500 MHz, CDCl3, δ): 7.25 (s, 2H, ArH), 4.13–3.96 (m, 6H, –OCH2 dm8* and C10), 3.89

(s, 3H, –CO2CH3), 1.90–1.82 (m, 2H, –CH(CH3)2 dm8*), 1.87–1.65 (m, 4H, –CH(CH3)CH2– dm8*
and –OCH2CH2 C10), 1.65–1.41 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.38–1.10 (m,
24H, –(CH2)3– dm8* and –(CH2)6– C10), 0.95 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.91–0.85 (t, 15H, –
CH3 C10 and –CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ): 166.84, 152.72, 142.30, 124.55,

107.90, 73.36, 67.41, 51.98, 39.16, 37.22, 36.23, 31.83, 30.24, 29.74, 29.61, 29.56, 29.46, 29.28,
27.89, 25.96, 24.63, 22.59, 22.49, 19.51, 14.00.

General procedure for preparation of nonsymmetric minidendron esters 5. K2CO3 (4 eq.) was
added to DMF (x mL, 0.25 M) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added 8 (1 eq.) followed by appropriate 1-bromoalkane (2.2 eq.). The mixture was
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heated to 60–70 °C whereupon it was stirred for 13–20 h. After being cooled to 23 °C, the mixture
was poured into cold water (5x mL) and extracted with ethyl acetate (x mL × 4). The combined
organics were washed with water (2x mL × 2) and brine (2x mL × 2), dried (MgSO4), filtered, and
concentrated in vacuo. The residue was passed through a silica plug using 2–5% ethyl acetate in
hexanes as eluent to give nonsymmetric ester 5.

Methyl 3,4-bis(((rac)-3,7-dimethyloctyl)oxy)-5-(hexyloxy)benzoate (rr6-5). From C6-8 (1.60 g,
6.0 mmol) and (rac)-1-bromo-3,7-dimethyloctane (2.90 g, 13.1 mmol) stirred in DMF (25 mL) at
70 °C for 15 h, rr6-5 was obtained as a colorless oil (1.47 g, 45%).
1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.11–3.99 (m, 6H, –OCH2 dm8* and C6), 3.89 (s,

3H, –CO2CH3), 1.91–1.76 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.75–1.66 (m, 2H, –
CH(CH3)2 dm8*), 1.65–1.43 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.40–1.09 (m, 16H,
–(CH2)3– dm8* and –(CH2)2– C6), 0.97–0.84 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*).

Methyl 3-(((rac)-3,7-dimethyloctyl)oxy)-4,5-bis(hexyloxy)benzoate (66r-5). From rac-8 (2.16 g,
6.7 mmol) and 1-bromohexane (2.06 mL, 14.7 mmol) stirred in DMF (25 mL) at 70 °C for 20 h, 66r5 was obtained as a colorless oil (2.98 g, 91%).
1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.08–3.99 (m, 6H, –OCH2 dm8* and C6), 3.89 (s,

3H, –CO2CH3), 1.91–1.66 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C6), 1.65–
1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.39–1.11 (m, 14H, –(CH2)3– dm8* and –
(CH2)2– C6), 0.99–0.84 (m, 15H, –CH3 dm8* and C6, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3,
δ): 167.10, 152.98, 142.55, 124.82, 108.17, 73.62, 69.33, 67.64, 52.24, 39.41, 37.47, 36.47, 31.88,
31.70, 30.43, 29.98, 29.41, 28.14, 25.89, 25.85, 24.87, 22.83, 22.82, 22.76, 22.73, 19.75, 14.22,
14.15.
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Methyl 3-(decyloxy)-4,5-bis(((rac)-3,7-dimethyloctyl)oxy)benzoate (rr10-5). From C10-8 (1.90
g, 5.9 mmol) and (rac)-1-bromo-3,7-dimethyloctane (2.85 g, 12.9 mmol) stirred in DMF (25 mL) at
60 °C for 14 h, rr10-5 was obtained as a colorless oil (1.78 g, 50%).
1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.11–3.98 (m, 6H, –OCH2 dm8* and C10), 3.89

(s, 3H, –CO2CH3), 1.92–1.77 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.76–1.64 (m,
2H, –CH(CH3)2 dm8*), 1.64–1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.40–1.10 (m,
24H, –(CH2)3– dm8* and –(CH2)6– C10), 0.99–0.83 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*).

Methyl 3,4-bis(decyloxy)-5-(((rac)-3,7-dimethyloctyl)oxy)benzoate (1010r-5). From rac-8 (1.89
g, 5.8 mmol) and 1-bromodecane (2.84 mL, 12.8 mmol) stirred in DMF (25 mL) at 70 °C for 13 h,
1010r-5 was obtained as a colorless oil (2.80 g, 79%).
1H

NMR (500 MHz, CDCl3, δ): 7.26 (s, 2H, ArH), 4.11–3.96 (m, 6H, –OCH2 dm8* and C10), 3.89

(s, 3H, –CO2CH3), 1.90–1.66 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C10),
1.65–1.43 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.41–1.12 (m, 30H, –(CH2)3– dm8*
and –(CH2)6– C10), 0.95 (d, J = 6.4 Hz, 3H, –CH3 dm8*), 0.92–0.85 (m, 12H, –CH3 C10, –CH(CH3)2
dm8*). 13C NMR (126 MHz, CDCl3, δ): 167.10, 152.98, 142.54, 124.81, 108.12, 73.62, 69.33, 67.65,
52.24, 39.41, 37.47, 36.47, 32.08, 30.48, 29.98, 29.87, 29.81, 29.78, 29.73, 29.71, 29.54, 29.50,
29.46, 28.14, 26.23, 26.21, 24.88, 22.84, 22.74, 19.76, 14.25.

Methyl 2-ethoxy-7-(hexyloxy)benzo[d][1,3]dioxole-5-carboxylate (C6-7). K2CO3 (2.07 g, 15.0
mmol) was added to DMF (15 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added 6 (1.80 g, 7.5 mmol) followed by 1-bromohexane (1.16 mL, 8.2 mmol). The
mixture was heated to 70 °C whereupon it was stirred for 16 h. After being cooled to 23 °C, the
mixture was poured into cold water (75 mL) and extracted with ethyl acetate (15 mL × 4). The
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combined organics were washed with water (30 mL × 2) and brine (30 mL × 2), dried (MgSO4),
filtered, and concentrated in vacuo. Purification by column chromatography (silica gel, 5% ethyl
acetate in hexanes) give C6-7 as a colorless oil (2.12 g, 87%).
1H

NMR (500 MHz, CDCl3, δ): 7.34 (d, J = 1.5 Hz, 1H, ArH), 7.23 (d, J = 1.5 Hz, 1H, ArH), 6.94 (s,

1H, –C(H)OEt), 4.12 (t, J = 6.7 Hz, 2H, –OCH2), 3.88 (s, 3H, –OCH3), 3.75 (dq, 2H, J = 7.1, 1.8 Hz,
–OCH2CH3), 1.86–1.72 (m, 2H, –OCH2CH2), 1.51–1.40 (m, 2H, –O(CH2)2CH2), 1.38–1.30 (m, 4H,
–(CH2)2–), 1.27 (t, J = 7.1 Hz, 3H, –CH3), 0.90 (t, 3H, –CH3). 13C NMR (126 MHz, CDCl3, δ): 166.62,
147.22, 142.33, 138.29, 124.36, 120.13, 111.25, 103.38, 69.85, 59.74, 52.31, 31.68, 29.33, 25.70,
22.72, 14.94, 14.16.

Methyl 2-ethoxy-7-(decyloxy)benzo[d][1,3]dioxole-5-carboxylate (C10-7). K2CO3 (2.21 g, 16.0
mmol) was added to DMF (15 mL) and the resultant suspension purged with N 2 for 30 min. To the
suspension was added 6 (1.92 g, 8.0 mmol) followed by 1-bromodecane (1.83 mL, 8.8 mmol). The
mixture was heated to 70 °C whereupon it was stirred for 13 h. After being cooled to 23 °C, the
mixture was poured into cold water (75 mL) and extracted with ethyl acetate (15 mL × 4). The
combined organics were washed with water (30 mL × 2) and brine (30 mL × 2), dried (MgSO4),
filtered, and concentrated in vacuo. Purification by column chromatography (silica gel, 2% ethyl
acetate in hexanes) give C10-7 as a colorless oil (2.33 g, 77%).
1H

NMR (500 MHz, CDCl3, δ): 7.34 (d, J = 1.5 Hz, 1H, ArH), 7.23 (d, J = 1.5 Hz, 1H, ArH), 6.94 (s,

1H, –C(H)OEt), 4.11 (t, J = 6.6 Hz, 2H, –OCH2), 3.88 (s, 3H, –OCH3), 3.75 (dq, 2H, J = 7.1, 1.8 Hz,
–OCH2CH3), 1.84–1.76 (m, 2H, –OCH2CH2), 1.50–1.41 (m, 2H, –O(CH2)2CH2), 1.37–1.20 (m, 12H,
–(CH2)6–), 1.27 (t, J = 7.1 Hz, 3H, –CH3), 0.88 (t, J = 6.5 Hz, 3H, –CH3). 13C NMR (126 MHz, CDCl3,
δ): 166.62, 147.22, 142.34, 138.30, 124.37, 120.13, 111.26, 103.38, 69.86, 59.73, 52.30, 32.04,
29.69, 29.49, 29.46, 29.37, 26.02, 22.82, 14.94, 14.25.
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Methyl 3,4-dihydroxy-5-(hexyloxy)benzoate (C6-8). Acetal protected ester C6-7 (2.12 g, 6.5
mmol) was dissolved in MeOH (35 mL). HCl (2 M aq., 10 mL) was added to the solution, which was
then stirred at 23 °C for 1 h. An additional portion of HCl (2 M aq., 5 mL) was added and the reaction
mixture was stirred for a further 30 min. The mixture was neutralized with aq. NH3 until its pH was
above 7 and was then extracted with CH2Cl2 (60 mL × 3). The combined organics were dried
(MgSO4), filtered, and concentrated in vacuo to give C6-8 as an off-white solid (1.72 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 7.34 (m, 1H, ArH), 7.19 (m, 1H, ArH), 6.22 (br s, 2H, ArOH), 4.19–

4.02 (m, 2H, –OCH2), 3.88 (s, 3H, –OCH3), 1.87–1.75 (m, 2H, –OCH2CH2), 1.50–1.41 (m, 2H, –
O(CH2)2CH2), 1.39–1.28 (m, 4H, –(CH2)2–), 1.02–0.80 (m, 3H, –CH3). 13C NMR (126 MHz, CDCl3,
δ): 207.37, 167.02, 110.85, 105.80, 86.97, 69.50, 61.42, 52.05, 31.61, 29.21, 25.70, 22.66, 14.08.

Methyl 3,4-dihydroxy-5-(decyloxy)benzoate (C10-8). Acetal protected ester C10-7 (2.33 g, 6.1
mmol) was dissolved in MeOH (30 mL). HCl (2 M aq., 6 mL) was added to the solution, which was
then stirred at 23 °C for 1 h. An additional portion of HCl (2 M aq., 3 mL) was added and the reaction
mixture was stirred for a further 1 h. The reaction mixture was neutralized with aq. NH3 until its pH
was above 7 and was then extracted with CH2Cl2 (50 mL × 3). The combined organics were dried
(MgSO4), filtered, and concentrated in vacuo to give C10-8 as a viscous gray oil (1.90 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 7.33 (d, J = 1.5 Hz, 1H, ArH), 7.23 (d, J = 1.5 Hz, 1H, ArH), 6.94 (s,

2H, ArOH), 4.11 (t, J = 6.7 Hz, 2H, –OCH2), 3.88 (s, 3H, –OCH3), 1.84–1.77 (m, 2H, –OCH2CH2),
1.49–1.40 (m, 2H, –O(CH2)2CH2), 1.39–1.28 (m, 12H, –(CH2)6–), 0.88 (t, 3H, –CH3).

General procedure for preparation of minidendron alcohols 9. Minidendron ester 5 (1 eq.) was
dissolved in THF (~0.20 M) and the solution cooled to 0 °C under N2. LiAlH4 (x g, 2 eq.) was added
portionwise with stirring. The mixture was allowed to warm to 23 °C whereupon it was stirred for 1–
4 h. The mixture was quenched by cautious successive addition of H2O (x mL), NaOH solution
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(15% aq., x mL), and H2O (3x mL) and stirred at 23 °C for 15 min. The granular lithium salts and
excess water were removed by filtration through Celite and basic alumina, respectively, using THF
as eluent. Evaporation in vacuo gave alcohol 9, which was used in the next step without further
purification.

(4-(((rac)-3,7-Dimethyloctyl)oxy)-3,5-bis(hexyloxy)phenyl)methanol (6r6-9). From 6r6-5 (2.26
g, 4.6 mmol) and LiAlH4 (0.35 g, 9.2 mmol) stirred in THF (25 mL) at 23 °C for 1.5 h, 6r6-9 was
obtained as a white solid (1.98 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (s, 2H, ArH), 4.59 (d, J = 4.1 Hz, 2H, –CH2OH), 4.04–3.91 (m,

6H, –OCH2 dm8* and C6), 1.88–1.62 (m, 6H, –CH(CH3)2 and –CH(CH3)CH2– dm8*,–OCH2CH2
C6), 1.57–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.40–1.10 (m, 14H, –(CH2)3– dm8*
and –(CH2)2– C6), 0.94–0.82 (m, 15H, –CH(CH3)2, –CH3 dm8* and –CH2CH3 C6).

13C

NMR (126

MHz, CDCl3, δ): 153.45, 137.79, 136.20, 105.51, 71.83, 69.26, 65.82, 39.52, 37.67, 37.49, 31.74,
29.86, 29.53, 28.15, 25.92, 24.87, 22.85, 22.78, 22.75, 19.71, 14.18.

(3,5-bis(((rac)-3,7-Dimethyloctyl)oxy)-4-(hexyloxy)phenyl)methanol (r6r-9). From r6r-5 (2.69
g, 4.9 mmol) and LiAlH4 (0.37 g, 9.8 mmol) stirred in THF (25 mL) at 23 °C for 4 h, r6r-9 was
obtained as a colorless oil (2.52 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.60 (d, J = 5.0 Hz, 2H, –CH2OH), 4.05–3.95 (m,

6H, –OCH2 dm8* and C6), 1.90–1.80 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.63 (m, 4H, –CH(CH3)CH2–
dm8* and –OCH2CH2 C6), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.38–1.10
(m, 16H, –(CH2)3– dm8* and –(CH2)2– C6), 0.93 (d, 6H, –CH3 dm8*), 0.89 (t, 3H, –CH3 C6), 0.87
(d, 12H, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.45, 137.81, 136.18, 105.54, 73.56,
67.60, 65.84, 39.44, 37.50, 36.61, 31.96, 30.45, 30.00, 28.15, 25.96, 24.88, 22.85, 22.74, 19.76,
14.25.
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(3,4-Bis(((rac)-3,7-dimethyloctyl)oxy)-5-(hexyloxy)phenyl)methanol (rr6-9). From rr6-5 (1.46
g, 2.7 mmol) and LiAlH4 (0.19 g, 5.1 mmol) stirred in THF (15 mL) at 23 °C for 2 h, rr6-9 was
obtained as a colorless oil (1.33 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.60 (d, J = 5.2 Hz, 2H, –CH2OH), 4.05–3.91 (m,

6H, –OCH2 dm8* and C6), 1.89–1.76 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.74–1.66
(m, 2H, –CH(CH3)2 dm8*), 1.66–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.39–1.08
(m, 16H, –(CH2)3– dm8* and –(CH2)2– C6), 0.96–0.84 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2
dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.21, 135.93, 134.65, 105.22, 71.58, 69.00, 65.62, 39.28,
39.19, 37.42, 37.25, 37.24, 36.75, 36.32, 31.50, 30.23, 29.74, 29.61, 29.28, 27.90, 25.68, 24.63,
22.62, 22.55, 22.51, 19.53, 19.48, 13.96.

(3-(((rac)-3,7-Dimethyloctyl)oxy)-4,5-bis(hexyloxy)phenyl)methanol

(66r-9).

From

66r-5

(2.98 g, 6.1 mmol) and LiAlH4 (0.46 g, 12.1 mmol) stirred in THF (30 mL) at 23 °C for 1 h, 66r-9
was obtained as a colorless oil (2.60 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (overlapped s, 2H, ArH), 4.59 (d, 2H, –CH2OH), 4.01 (m, 2H, –

OCH2 dm8*), 3.97 (t, J = 6.5 Hz, 2H, –OCH2 C6 (a)), 3.93 (t, J = 6.6 Hz, 2H, –OCH2 C6 (b)), 1.89–
1.66 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C6), 1.64–1.44 (m, 6H, –OCH2CH2
dm8* and –O(CH2)2CH2 C6), 1.37–1.11 (m, 14H, –(CH2)3– dm8* and –(CH2)2– C6), 0.94 (d, 3H, –
CH(CH3)2 dm8*), 0.90 (t, 6H, –CH3 C6), 0.87 (d, 6H, –CH3 dm8*).

13C

NMR (126 MHz, CDCl3, δ):

153.45, 137.79, 136.17, 105.55, 73.57, 69.28, 67.58, 65.85, 39.43, 37.49, 36.59, 31.94, 31.73,
30.43, 29.98, 29.53, 28.15, 25.91, 24.88, 22.84, 19.76, 14.24.
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(4-(Decyloxy)-3,5-bis(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanol (10r10-9). From 10r10-5
(3.62 g, 6.0 mmol) and LiAlH4 (0.45 g, 12.0 mmol) stirred in THF (30 mL) at 23 °C for 1.5 h, 10r109 was obtained as a white solid (3.15 g, 91%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (s, 2H, ArH), 4.59 (d, J = 4.1 Hz, 2H, –CH2OH), 4.04–3.91 (m,

6H, –OCH2 dm8* and C10), 1.86–1.77 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C10), 1.77–1.65
(m, 1H, –CH(CH3)CH2–), 1.55–1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.40–1.08
(m, 30H, –(CH2)3– dm8* and –(CH2)6– C10), 0.92 (d, J = 6.6 Hz, 3H, –C(H)CH3 dm8*), 0.95–0.84
(m, 12H, –CH(CH3)2 dm8* and –CH3 C10). 13C NMR (126 MHz, CDCl3, δ): 153.47, 136.17, 124.05,
105.52, 71.83, 69.28, 65.86, 39.54, 37.68, 32.06, 29.88, 29.80, 29.75, 29.58, 29.50, 28.16, 26.26,
24.88, 22.84, 19.73, 14.26.

(3,5-Bis(decyloxy)-4-(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanol (r10r-9). From r10r-5
(2.34 g, 3.9 mmol) and LiAlH4 (0.29 g, 7.7 mmol) stirred in THF (20 mL) at 23 °C for 4 h, r10r-9
was obtained as a colorless oil (2.16 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 6.56 (s, 2H, ArH), 4.59 (d, J = 3.9 Hz, 2H, –CH2OH), 4.05–3.96 (m,

6H, –OCH2 dm8*), 3.92 (m, 2H, –OCH2 C10), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.71–1.66 (m,
4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2

C10), 1.38–1.12 (m, 24H, –(CH2)3– dm8* and –(CH2)6– C10), 0.93 (d, J = 6.6 Hz, 6H, –CH3

dm8*), 0.90–0.85 (t, 15H, –CH3 C10 and –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.43,
137.75, 136.18, 105.49, 73.55, 67.57, 65.82, 39.43, 37.48, 36.60, 32.09, 30.49, 29.99, 29.88,
29.83, 29.77, 29.54, 28.14, 26.30, 24.88, 22.85, 22.75, 19.76, 14.26.
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(3-(Decyloxy)-4,5-bis(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanol (rr10-9). From rr10-5
(1.77 g, 2.9 mmol) and LiAlH4 (0.22 g, 5.9 mmol) stirred in THF (15 mL) at 23 °C for 1 h, rr10-9
was obtained as a colorless oil (1.47 g, 89%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.60 (d, J = 5.7 Hz, 2H, –CH2OH), 4.06–3.91 (m,

6H, –OCH2 dm8* and C6), 1.90–1.75 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.75–
1.66 (m, 2H, –CH(CH3)2 dm8*), 1.64–1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.39–
1.10 (m, 24H, –(CH2)3– dm8* and –(CH2)6– C10), 0.95–0.84 (m, 21H, –CH3 dm8* and C6, –
CH(CH3)2 dm8*).

(3,4-Bis(decyloxy)-5-(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanol (1010r-9). From 1010r-5
(2.80 g, 4.6 mmol) and LiAlH4 (0.35 g, 9.3 mmol) stirred in THF (25 mL) at 23 °C for 2 h, 1010r-9
was obtained as a colorless oil (2.47 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.60 (d, J = 5.6 Hz, 2H, –CH2OH), 4.02 (m, 2H, –

OCH2 dm8*), 3.98 (t, J = 6.5 Hz, 2H, –OCH2 C10(a)), 3.94 (t, J = 6.6 Hz, 2H, –OCH2 C10(b)), 1.83–
1.65 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C10), 1.64–1.45 (m, 6H, –OCH2CH2
dm8* and –O(CH2)2CH2 C10), 1.39–1.13 (m, 30H, –(CH2)3– dm8* and –(CH2)6– C10), 0.94 (d, J =
6.4 Hz, 3H, –CH3 dm8*), 0.92–0.86 (m, 12H, –CH3 C10, –CH(CH3)2 dm8*).

13C

NMR (126 MHz,

CDCl3, δ): 153.45, 136.17, 105.56, 105.51, 73.57, 69.28, 68.12, 67.59, 65.84, 39.43, 37.48, 36.59,
32.09, 32.06, 30.48, 29.99, 29.89, 29.83, 29.80, 29.77, 29.74, 29.58, 29.56, 29.54, 29.50, 28.14,
26.25, 24.88, 22.85, 19.76, 14.25.

General procedure for preparation of minidendron chlorides 10. Minidendron alcohol 9 (1.0
eq.) was dissolved in CH2Cl2 (x mL, 0.20–0.25 M). A catalytic amount of DMF (one drop) was added
and the solution cooled to 0 °C under N2. SOCl2 (1.5–2.0 eq.) was separately dissolved in CH2Cl2
(~ 5 mL), and the solution added dropwise to the cold alcohol solution. The mixture was allowed to
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warm to 23 °C whereupon it was stirred for 1–3 h. The mixture was quenched by addition of H2O
(1 mL), stirred vigorously at 23 °C for 10 min, and then the organic solvent was removed in vacuo.
The residue was taken up in diethyl ether (3x mL), washed with water (x mL) and brine (x mL),
dried (MgSO4), filtered, and concentrated in vacuo to give chloride 10, which was used in the next
step without further purification.

5-(Chloromethyl)-2-(((rac)-3,7-dimethyloctyl)oxy)-1,3-bis(hexyloxy)benzene (6r6-10). From
6r6-9 (1.96 g, 4.2 mmol) in CH2Cl2 (20 mL) and SOCl2 (0.61 mL, 8.4 mmol) in CH2Cl2 (5 mL) at
23 °C for 2 h, 6r6-10 was obtained as a light yellow oil (1.93 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.03–3.92 (m, 6H, –OCH2

dm8* and C6), 1.86–1.64 (m, 6H, –CH(CH3)2 and –CH(CH3)CH2– dm8*,–OCH2CH2 C6), 1.58–1.41
(m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.39–1.09 (m, 14H, –(CH2)3– dm8* and –(CH2)2–
C6), 0.94–0.88 (m, 9H,–CH3 dm8* and –CH2CH3 C6), 0.87 (d, J = 6.6 Hz, 6H, –CH(CH3)2 dm8*).
13C

NMR (126 MHz, CDCl3, δ): 153.39, 138.50, 132.48, 107.24, 71.85, 69.30, 47.13, 39.52, 37.66,

37.49, 31.73, 29.86, 29.49, 28.15, 25.91, 24.87, 22.85, 22.78, 22.75, 19.71, 14.18.

5-(Chloromethyl)-1,3-bis(((rac)-3,7-dimethyloctyl)oxy)-2-(hexyloxy)benzene (r6r-10). From
r6r-9 (2.52 g, 4.8 mmol) in CH2Cl2 (20 mL) and SOCl2 (0.53 mL, 7.3 mmol) in CH2Cl2 (3 mL) at
23 °C for 3 h, r6r-10 was obtained as a light yellow oil (2.49 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 6.58 (s, 2H, ArH), 4.52 (s, 2H, –CH2Cl), 4.05–3.96 (m, 4H, –OCH2

dm8*), 3.93 (t, J = 6.6 Hz, 2H, –OCH2 C10), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.76–1.65 (m,
4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2

C6), 1.38–1.11 (m, 16H, –(CH2)3– dm8* and –(CH2)2– C6), 0.94 (d, 6H, –CH3 dm8*), 0.90 (t,

3H, –CH3 C6), 0.87 (d, 12H, –CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ): 153.37, 138.49,

132.45, 107.23, 73.57, 67.62, 47.14, 39.43, 37.49, 36.55, 31.95, 30.45, 29.98, 28.15, 25.94, 24.89,
22.86, 22.75, 19.77, 14.26.
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5-(Chloromethyl)-1,2-bis(((rac)-3,7-dimethyloctyl)oxy)-3-(hexyloxy)benzene (rr6-10). From
rr6-9 (1.31 g, 2.5 mmol) in CH2Cl2 (10 mL) and SOCl2 (0.27 mL, 3.8 mmol) in CH2Cl2 (5 mL) at
23 °C for 2.5 h, rr6-10 was obtained as a light yellow oil (1.35 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (overlapping s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.05–3.91 (m,

6H, –OCH2 dm8* and C6), 1.89–1.76 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.74–1.65
(m, 2H, –CH(CH3)2 dm8*), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.38–1.10
(m, 16H, –(CH2)3– dm8* and –(CH2)2– C6), 0.96–0.84 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2
dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.38, 132.48, 107.24, 100.14, 71.85, 69.30, 67.61, 47.14,
39.52, 39.43, 37.67, 37.52, 37.49, 36.54, 31.74, 30.48, 29.99, 29.86, 29.50, 28.14, 25.91, 24.87,
22.86, 19.73, 15.42, 14.18.

5-(Chloromethyl)-1-(((rac)-3,7-dimethyloctyl)oxy)-2,3-bis(hexyloxy)benzene (66r-10). From
66r-9 (2.60 g, 5.6 mmol) in CH2Cl2 (25 mL) and SOCl2 (0.61 mL, 8.4 mmol) in CH2Cl2 (3 mL) at
23 °C for 1.5 h, 88r-10 was obtained as a light yellow oil (2.59 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (overlapping s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.05–3.91 (m,

6H, –OCH2 dm8* and C6), 1.89–1.66 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2
C6), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.38–1.12 (m, 14H, –(CH2)3– dm8*
and –(CH2)2– C6), 0.94 (d, 3H, –CH3 dm8*), 0.90 (t, 6H, –CH3 C6), 0.87 (d, 6H, –CH(CH3)2 dm8*).
13C

NMR (126 MHz, CDCl3, δ): 153.37, 138.49, 132.46, 107.23, 73.58, 69.31, 67.62, 47.14, 39.42,

37.48, 36.54, 31.93, 31.72, 30.43, 29.97, 29.49, 28.15, 25.92, 24.88, 22.84, 22.77, 22.74, 19.76,
14.24.
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5-(Chloromethyl)-2-(decyloxy)-1,3-bis(((rac)-3,7-dimethyloctyl)oxy)benzene (10r10-10). From
10r10-9 (3.13 g, 5.4 mmol) in CH2Cl2 (30 mL) and SOCl2 (0.79 mL, 10.9 mmol) in CH2Cl2 (5 mL) at
23 °C for 2 h, 10r10-10 was obtained as a light yellow oil (3.15 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.03–3.92 (m, 6H, –OCH2

dm8* and C6), 1.86–1.75 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C10), 1.75–1.67 (m, 1H, –
CH(CH3)CH2–), 1.58–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.39–1.11 (m, 30H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.92 (d, J = 6.6 Hz, 3H, –C(H)CH3 dm8*), 0.90–0.85 (m, 12H,
–CH(CH3)2 dm8* and –CH3 C10). 13C NMR (126 MHz, CDCl3, δ): 153.38, 138.50, 132.47, 107.24,
71.85, 69.30, 66.00, 47.13, 39.53, 37.66, 37.50, 32.06, 29.86, 29.79, 29.74, 29.56, 29.54, 29.49,
28.15, 26.24, 24.87, 22.83, 19.72, 15.42, 14.25.

5-(Chloromethyl)-1,3-bis(decyloxy)-2-(((rac)-3,7-dimethyloctyl)oxy)benzene (r10r-10). From
r10r-9 (2.15 g, 3.7 mmol) in CH2Cl2 (20 mL) and SOCl2 (0.41 mL, 5.6 mmol) in CH2Cl2 (2 mL) at
23 °C for 3 h, r10r-10 was obtained as a light yellow oil (2.13 g, 96%).
1H

NMR (500 MHz, CDCl3, δ): 6.58 (s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.05–3.96 (m, 6H, –OCH2

dm8* and C6), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.76–1.65 (m, 4H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C10), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.37–1.11 (m, 24H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.94 (d, J = 6.5 Hz, 6H, –CH3 dm8*), 0.90–0.85 (t, 15H, –CH3
C10 and –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.37, 138.50, 132.45, 107.25, 73.58,
67.63, 47.14, 39.43, 37.49, 36.56, 32.09, 30.49, 29.99, 29.88, 29.83, 29.76, 29.54, 28.15, 26.28,
24.89, 22.86, 22.76, 19.78, 14.27.
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5-(Chloromethyl)-1-(decyloxy)-2,3-bis(((rac)-3,7-dimethyloctyl)oxy)benzene (rr10-10). From
rr10-9 (1.47 g, 2.4 mmol) in CH2Cl2 (10 mL) and SOCl2 (0.27 mL, 3.7 mmol) in CH2Cl2 (2 mL) at
23 °C for 1.5 h, rr10-10 was obtained as a light yellow oil (1.38 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (s, 2H, ArH), 4.60 (s, 2H, –CH2Cl), 4.05–3.92 (m, 6H, –OCH2

dm8* and C10), 1.89–1.75 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.75–1.65 (m, 2H,
–CH(CH3)2 dm8*), 1.63–1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.39–1.10 (m, 24H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.96–0.83 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*). 13C
NMR (126 MHz, CDCl3, δ): 153.38, 126.84, 124.83, 107.24, 71.84, 69.29, 67.61, 65.86, 53.56,
39.53, 39.43, 37.67, 37.51, 37.48, 36.54, 32.06, 29.99, 29.87, 29.79, 29.74, 29.57, 29.54, 29.49,
28.14, 26.26, 24.87, 22.86, 19.73, 14.25.

5-(Chloromethyl)-1,2-bis(decyloxy)-3-(((rac)-3,7-dimethyloctyl)oxy)benzene (1010r-10). From
1010r-9 (2.47 g, 4.3 mmol) in CH2Cl2 (17 mL) and SOCl2 (0.76 mL, 16.4 mmol) in CH2Cl2 (8 mL) at
23 °C for 1 h, 1010r-10 was obtained as a light yellow oil (2.53 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 6.57 (overlapped s, 2H, ArH), 4.51 (s, 2H, –CH2Cl), 4.05–3.91 (m,

6H, –OCH2 dm8* and C10), 1.88–1.66 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2
C10), 1.64–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.38–1.11 (m, 30H, –(CH2)3–
dm8* and –(CH2)6– C10), 0.94 (d, J = 6.6 Hz, 3H, –CH3 dm8*), 0.91–0.86 (m, 12H, –CH3 C10, –
CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ): 153.37, 138.51, 132.45, 107.28, 73.59, 69.32,

67.63, 47.13, 39.43, 37.48, 36.55, 32.09, 32.07, 30.49, 29.98, 29.88, 29.83, 29.79, 29.75, 29.74,
29.56, 29.54, 29.50, 28.14, 26.27, 26.24, 24.89, 22.85, 22.75, 19.77, 14.26.

General procedure for preparation of minidendron azides 11. Minidendron chloride 10 (1.0 eq)
and sodium azide (2 eq.) were added to DMF (x mL, ~0.2 M) under N2. The mixture was heated to
70–90 °C whereupon it was stirred for 14–16 h. After being cooled to 23 °C, the mixture was poured
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into cold water (5x mL) and extracted with ethyl acetate (2x mL × 2). The combined organics were
washed with water (4x mL × 2) and brine (4x mL × 2), dried (MgSO4), filtered, and concentrated in
vacuo to give azide 11, which was used in the next step without further purification.

5-(Azidomethyl)-2-(((rac)-3,7-dimethyloctyl)oxy)-1,3-bis(hexyloxy)benzene

(6r6-11).

From

6r6-10 (1.91 g, 4.0 mmol) and NaN3 (0.51 g, 7.9 mmol) in DMF (20 mL) at 70 °C for 16 h, 6r6-11
was obtained as a light yellow oil (1.88 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.04–3.93 (m, 6H, –OCH2

dm8* and C6), 1.87–1.66 (m, 6H, –CH(CH3)2 and –CH(CH3)CH2– dm8*,–OCH2CH2 C6), 1.58–1.44
(m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.41–1.09 (m, 14H, –(CH2)3– dm8* and –(CH2)2–
C6), 0.95–0.84 (m, 15H, –CH(CH3)2, –CH3 dm8* and –CH2CH3 C6).

13C

NMR (126 MHz, CDCl3,

δ): 153.54, 138.34, 130.51, 106.80, 71.82, 69.34, 55.35, 39.52, 37.66, 37.50, 31.74, 29.86, 29.50,
28.15, 25.91, 24.88, 22.85, 22.78, 22.75, 19.72, 14.18.

5-(Azidomethyl)-1,3-bis(((rac)-3,7-dimethyloctyl)oxy)-2-(hexyloxy)benzene

(r6r-11).

From

r6r-10 (2.48 g, 4.6 mmol) and NaN3 (0.60 g, 9.2 mmol) in DMF (25 mL) at 90 °C for 15 h, r6r-11
was obtained as a light yellow oil (2.38 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 6.50 (s, 2H, ArH), 4.25 (s, 2H, –CH2N3), 4.05–3.97 (m, 4H, –OCH2

dm8*), 3.94 (t, J = 6.6 Hz, 2H, –OCH2 C6), 1.89–1.82 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.66 (m, 4H,
–CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.64–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2
C6), 1.39–1.12 (m, 16H, –(CH2)3– dm8* and –(CH2)2– C6), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*),
0.91 (t, 3H, –CH3 C6), 0.87 (d, J = 6.6 Hz, 12H, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ):
153.51, 138.32, 130.51, 106.78, 73.55, 67.65, 55.36, 39.43, 37.49, 36.55, 31.95, 30.44, 29.98,
28.15, 25.94, 24.88, 22.85, 22.75, 19.77, 14.26.
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5-(Azidomethyl)-1,2-bis(((rac)-3,7-dimethyloctyl)oxy)-3-(hexyloxy)benzene

(rr6-11).

From

rr6-10 (1.36 g, 2.5 mmol) and NaN3 (0.33 g, 5.0 mmol) in DMF (15 mL) at 70 °C for 16 h, rr6-11
was obtained as a light yellow oil (1.28 g, 93%).
1H

NMR (500 MHz, CDCl3, δ): 6.50 (s, 2H, ArH), 4.25 (s, 2H, –CH2N3), 4.05–3.94 (m, 6H, –OCH2

dm8* and C6), 1.91–1.77 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.77–1.67 (m, 2H, –
CH(CH3)2 dm8*), 1.66–1.46 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.42–1.12 (m, 16H,
–(CH2)3– dm8* and –(CH2)2– C6), 0.98–0.86 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*).

5-(Azidomethyl)-1-(((rac)-3,7-dimethyloctyl)oxy)-2,3-bis(hexyloxy)benzene

(66r-11).

From

66r-10 (2.59 g, 5.4 mmol) and NaN3 (0.70 g, 10.7 mmol) in DMF (25 mL) at 70 °C for 14 h, 66r-11
was obtained as a light yellow oil (2.59 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.06–3.91 (m, 6H, –OCH2

dm8* and C6), 1.90–1.67 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C6), 1.64–1.44
(m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.38–1.12 (m, 14H, –(CH2)3– dm8* and –(CH2)2–
C6), 0.98–0.84 (m, 15H, –CH3 dm8* and C6, –CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ):

153.51, 138.32, 130.51, 106.78, 73.55, 69.33, 67.64, 55.34, 39.41, 37.48, 36.54, 31.92, 31.72,
30.42, 29.96, 29.50, 28.14, 25.89, 24.87, 22.83, 19.75, 14.16.

5-(Azidomethyl)-2-(decyloxy)-1,3-bis(((rac)-3,7-dimethyloctyl)oxy)benzene (10r10-11). From
10r10-10 (3.13 g, 5.3 mmol) and NaN3 (0.65 g, 10.5 mmol) in DMF (30 mL) at 70 °C for 16 h, 10r1011 was obtained as a light yellow oil (2.79 g, 95%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.05–3.93 (m, 6H, –OCH2

dm8* and C6), 1.87–1.66 (m, 6H, –CH(CH3)2 and –CH(CH3)CH2–dm8* and –OCH2CH2 C10), 1.58–
1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.40–1.09 (m, 30H, –(CH2)3– dm8* and –
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(CH2)6– C10), 0.95–0.84 (m, 12H, –CH(CH3)2 dm8* and –CH3 C10).

13C

NMR (126 MHz, CDCl3,

δ): 153.54, 138.34, 130.51, 106.80, 71.82, 69.34, 55.35, 39.52, 37.66, 37.50, 31.74, 29.86, 29.50,
28.15, 25.91, 24.88, 22.85, 22.78, 22.75, 19.72, 14.18.

5-(Azidomethyl)-1,3-bis(decyloxy)-2-(((rac)-3,7-dimethyloctyl)oxy)benzene (r10r-11). From
r10r-10 (2.12 g, 3.6 mmol) and NaN3 (0.46 g, 7.1 mmol) in DMF (20 mL) at 90 °C for 15 h, r10r-11
was obtained as a light yellow oil (2.10 g, 98%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.25 (s, 2H, –CH2N3), 4.05–3.96 (m, 6H, –OCH2

dm8* and C6), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.65 (m, 4H, –CH(CH3)CH2– dm8* and
–OCH2CH2 C10), 1.63–1.43 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.38–1.11 (m, 24H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.94 (d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.90–0.85 (t, 15H, –CH3
C10 and –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.52, 130.51, 117.30, 106.82, 73.56,
67.67, 55.37, 39.43, 37.50, 36.57, 32.10, 30.50, 29.99, 29.89, 29.83, 29.77, 29.54, 28.15, 26.29,
24.89, 22.86, 22.76, 19.78, 14.27.

5-(Azidomethyl)-1-(decyloxy)-2,3-bis(((rac)-3,7-dimethyloctyl)oxy)benzene (rr10-11). From
rr10-10 (1.38 g, 2.3 mmol) and NaN3 (0.30 g, 14.6 mmol) in DMF (10 mL) at 70 °C for 15 h, rr1011 was obtained as a light yellow oil (0.61 g, 44%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.05–3.91 (m, 6H, –OCH2

dm8* and C6), 1.90–1.76 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.75–1.66 (m, 2H, –
CH(CH3)2 dm8*), 1.64–1.42 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.39–1.10 (m, 24H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.96–0.84 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*). 13C
NMR (126 MHz, CDCl3, δ): 153.28, 140.44, 130.27, 106.53, 71.57, 69.09, 67.40, 65.03, 55.11,
39.28, 37.26, 36.30, 31.81, 29.74, 29.62, 29.54, 29.49, 29.33, 29.30, 29.25, 27.90, 26.00, 24.63,
22.61, 19.49, 14.01, -0.11.
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5-(Azidomethyl)-1,2-bis(decyloxy)-3-(((rac)-3,7-dimethyloctyl)oxy)benzene (1010r-11). From
1010r-10 (2.53 g, 4.3 mmol) and NaN3 (0.55 g, 8.5 mmol) in DMF (20 mL) at 70 °C for 16 h, 88r11 was obtained as a light yellow oil (2.29 g, 89%).
1H

NMR (500 MHz, CDCl3, δ): 6.49 (s, 2H, ArH), 4.24 (s, 2H, –CH2N3), 4.05–3.91 (m, 6H, –OCH2

dm8* and C6), 1.89–1.67 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C10), 1.63–
1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.38–1.12 (m, 30H, –(CH2)3– dm8* and –
(CH2)6– C10), 0.94 (d, J = 6.4 Hz, 3H, –CH3 dm8*), 0.90–0.85 (m, 12H, –CH3 C10, –CH(CH3)2
dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.51, 132.83, 130.51, 106.81, 73.57, 69.34, 67.65, 60.54,
55.35, 39.42, 37.48, 36.55, 32.09, 31.06, 30.48, 29.97, 29.88, 29.82, 29.79, 29.75, 29.74, 29.56,
29.54, 29.50, 28.14, 26.24, 24.88, 22.84, 22.83, 19.76, 14.25.

General procedure for preparation of minidendron amines 12. Minidendron azide 11 (1 eq.)
was dissolved in THF (~0.1 M) and the solution cooled to 0 °C under N2. LiAlH4 (x g, 2 eq.) was
added portionwise with stirring. The mixture was allowed to warm to 23 °C whereupon it was stirred
for 1–3 h. The mixture was quenched by cautious successive addition of H2O (x mL), NaOH
solution (15% aq., x mL), and H2O (3x mL) and stirred at 23 °C for 15 min. The granular lithium
salts and excess water were removed by filtration through Celite and basic alumina, respectively,
using THF as eluent. Evaporation in vacuo gave amine 12, which was used in the next step without
further purification.

(4-(((rac)-3,7-Dimethyloctyl)oxy)-3,5-bis(hexyloxy)phenyl)methanamine (6r6-12). From 6r611 (1.86 g, 3.8 mmol) and LiAlH4 (0.29 g, 7.6 mmol) stirred in THF (20 mL) at 23 °C for 2 h, 6r6-12
was obtained as a light yellow oil (1.62 g, 92%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.02–3.91 (m, 6H, –OCH2 dm8* and C6), 3.78 (s,

2H, –CH2NH2), 1.86–1.66 (m, 6H, –CH(CH3)2 and –CH(CH3)CH2– dm8*,–OCH2CH2 C6), 1.58–1.41
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(m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.40–1.09 (m, 14H, –(CH2)3– dm8* and –(CH2)2–
C6), 0.95–0.81 (m, 15H, –CH(CH3)2, –CH3 dm8* and –CH2CH3 C6).

13C

NMR (126 MHz, CDCl3,

δ): 153.39, 138.65, 137.20, 105.62, 71.82, 69.29, 46.92, 39.52, 37.67, 37.50, 30.47, 29.87, 29.57,
28.15, 25.93, 24.87, 22.85, 22.75, 14.18.

(3,5-Bis(((rac)-3,7-dimethyloctyl)oxy)-4-(hexyloxy)phenyl)methanamine (r6r-12). From r6r-11
(2.36 g, 4.3 mmol) and LiAlH4 (0.33 g, 8.7 mmol) stirred in THF (25 mL) at 23 °C for 3 h, r6r-12
was obtained as a light yellow oil (2.17 g, 97%).
1H

NMR (500 MHz, CDCl3, δ): 6.52 (s, 2H, ArH), 4.06–3.97 (m, 6H, –OCH2 dm8*), 3.92 (t, J = 6.6

Hz, 2H, –OCH2 C6), 3.79 (s, 2H, –CH2NH2), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.65 (m,
4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.64–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2

C6), 1.37–1.11 (m, 16H, –(CH2)3– dm8* and –(CH2)2– C6), 0.94 (d, J = 6.6 Hz, 6H, –CH3

dm8*), 0.91 (t, 3H, –CH3 C6), 0.87 (d, 12H, –CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ):

153.39, 138.67, 137.19, 105.63, 73.55, 67.60, 46.94, 39.44, 37.50, 36.65, 31.97, 30.46, 29.98,
28.15, 25.97, 24.89, 22.85, 22.74, 19.77, 14.25.

(3,4-Bis(((rac)-3,7-dimethyloctyl)oxy)-5-(hexyloxy)phenyl)methanamine (rr6-12). From rr6-11
(1.28 g, 2.3 mmol) and LiAlH4 (0.18 g, 4.7 mmol) stirred in THF (15 mL) at 23 °C for 1 h, rr6-12
was obtained as a light yellow oil (1.07 g, 88%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.05–3.91 (m, 6H, –OCH2 dm8* and C6), 3.78 (s,

2H, –CH2NH2), 1.89–1.75 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.75–1.65 (m, 2H, –
CH(CH3)2 dm8*), 1.63–1.45 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.41–1.09 (m, 16H,
–(CH2)3– dm8* and –(CH2)2– C6), 0.95–0.84 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*).

13C

NMR (126 MHz, CDCl3, δ): 153.40, 138.62, 125.66, 105.62, 71.82, 69.30, 67.59, 46.92, 39.53,
39.44, 37.67, 37.51, 36.63, 31.75, 30.48, 29.99, 29.88, 29.58, 28.14, 25.93, 24.87, 22.85, 22.79,
22.75, 19.74, 14.18.
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(3-(((rac)-3,7-Dimethyloctyl)oxy)-4,5-bis(hexyloxy)phenyl)methanamine (66r-12). From 66r11 (2.59 g, 5.3 mmol) and LiAlH4 (0.40 g, 10.6 mmol) stirred in THF (25 mL) at 23 °C for 1 h, 66r12 was obtained as a light yellow oil (2.13 g, 87%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.06–3.90 (m, 6H, –OCH2 dm8* and C6), 3.78 (s,

2H, –CH2NH2), 1.90–1.65 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C6), 1.65–
1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.39–1.12 (m, 14H, –(CH2)3– dm8* and –
(CH2)2– C6), 0.97–0.84 (m, 15H, –CH3 dm8* and C6, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3,
δ): 153.36, 138.59, 129.43, 105.64, 73.55, 69.28, 68.10, 67.58, 46.89, 39.41, 37.48, 36.62, 31.93,
31.71, 30.42, 29.96, 29.56, 28.13, 25.93, 25.90, 25.74, 24.86, 22.83, 19.75, 14.23.

(4-(Decyloxy)-3,5-bis(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanamine

(10r10-12).

From

10r10-11 (2.97 g, 4.9 mmol) and LiAlH4 (0.37 g, 9.9 mmol) stirred in THF (25 mL) at 23 °C for 2 h,
10r10-12 was obtained as a light yellow oil (2.82 g, 99%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.02–3.90 (m, 6H, –OCH2 dm8* and C10), 3.78

(s, 2H, –CH2NH2), 1.87–1.75 (m, 5H, –CH(CH3)2 dm8* and –OCH2CH2 C10), 1.74–1.68 (m, 1H, –
CH(CH3)CH2–), 1.57–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.39–1.10 (m, 30H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.92 (d, J = 6.7 Hz, 3H, –C(H)CH3 dm8*), 0.90–0.85 (m, 12H,
–CH(CH3)2 dm8* and –CH3 C10). 13C NMR (126 MHz, CDCl3, δ): 153.37, 137.18, 125.63, 105.61,
71.80, 69.26, 46.87, 39.51, 37.66, 37.49, 32.03, 30.45, 29.86, 29.77, 29.72, 29.60, 29.56, 29.47,
28.13, 26.24, 24.85, 22.81, 19.71, 14.23.

(3,5-Bis(decyloxy)-4-(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanamine (r10r-12). From r10r11 (2.08 g, 3.5 mmol) and LiAlH4 (0.26 g, 6.9 mmol) stirred in THF (20 mL) at 23 °C for 3 h, r10r12 was obtained as a light yellow oil (1.84 g, 92%).
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1H

NMR (500 MHz, CDCl3, δ): 6.52 (s, 2H, ArH), 4.05–3.96 (m, 6H, –OCH2 dm8*), 3.92 (t, J = 6.6

Hz, 2H, –OCH2 C10), 3.79 (s, 2H, –CH2NH2), 1.89–1.81 (m, 2H, –CH(CH3)2 dm8*), 1.77–1.65 (m,
4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2

C10), 1.37–1.11 (m, 24H, –(CH2)3– dm8* and –(CH2)6– C10), 0.94 (d, J = 6.6 Hz, 6H, –CH3

dm8*), 0.90–0.85 (t, 15H, –CH3 C10 and –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.39,
138.66, 137.22, 105.66, 73.55, 67.62, 46.95, 39.44, 37.50, 36.66, 32.09, 30.51, 29.99, 29.89,
29.83, 29.78, 29.54, 28.15, 26.31, 24.89, 22.85, 22.75, 19.78, 14.25.

(3-(Decyloxy)-4,5-bis(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanamine (rr10-12). From rr1011 (0.61 g, 1.0 mmol) and LiAlH4 (0.12 g, 3.0 mmol) stirred in THF (10 mL) at 23 °C for 1 h, rr1012 was obtained as a light yellow oil (0.39 g, 67%).
1H

NMR (500 MHz, CDCl3, δ): 6.52 (s, 2H, ArH), 4.06–3.92 (m, 6H, –OCH2 dm8* and C6), 3.79 (s,

2H, –CH2NH2), 1.90–1.77 (m, 4H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.75–1.67 (m, 2H,
–CH(CH3)2 dm8*), 1.64–1.45 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.41–1.12 (m, 24H,
–(CH2)3– dm8* and –(CH2)6– C10), 0.97–0.85 (m, 21H, –CH3 dm8* and C6, –CH(CH3)2 dm8*). 13C
NMR (126 MHz, CDCl3, δ): 153.40, 132.13, 127.10, 105.65, 71.82, 69.29, 68.12, 67.59, 46.90,
39.53, 37.52, 36.63, 32.06, 30.47, 29.99, 29.88, 29.80, 29.74, 29.62, 29.58, 29.50, 28.14, 26.27,
25.76, 24.87, 22.86, 19.75, 14.25.

(3,4-Bis(decyloxy)-5-(((rac)-3,7-dimethyloctyl)oxy)phenyl)methanamine

(1010r-12).

From

1010r-11 (2.29 g, 3.8 mmol) and LiAlH4 (0.29 g, 7.5 mmol) stirred in THF (20 mL) at 23 °C for 1 h,
1010r-12 was obtained as a light yellow oil (1.89 g, 86%).
1H

NMR (500 MHz, CDCl3, δ): 6.51 (s, 2H, ArH), 4.05–3.95 (m, 4H, –OCH2 C10), 3.92 (t, J = 6.6

Hz, 2H, –OCH2 dm8*), 3.78 (s, 2H, –CH2NH2), 1.89–1.67 (m, 6H, –CH(CH3)CH2– and –CH(CH3)2
dm8*, –OCH2CH2 C10), 1.63–1.44 (m, 6H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.37–1.11
(m, 30H, –(CH2)3– dm8* and –(CH2)6– C10), 0.93 (d, J = 6.4 Hz, 3H, –CH3 dm8*), 0.90–0.85 (m,
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12H, –CH3 C10, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 153.39, 138.66, 123.34, 105.62,
73.57, 69.31, 67.61, 46.94, 39.44, 37.50, 36.65, 32.09, 32.07, 30.50, 30.47, 29.98, 29.89, 29.83,
29.81, 29.78, 29.75, 29.63, 29.58, 29.55, 29.51, 28.15, 26.26, 24.89, 22.85, 19.77, 14.26.

General procedure for preparation of dendronized PBIs. Perylene tetracarboxylic dianhydride
(PTCDA) (1.0 eq), zinc acetate dihydrate (1.0 eq), minidendron amine 12 (2.2 eq), and imidazole
(3 g/mmol PTCDA) were combined in a 10 mL round-bottomed flask under N2 and heated to 160
°C, whereupon the mixture was stirred for 14–21 h. After being allowed to cool to 23 °C, the solid
residue was dissolved in a minimum volume of THF. The THF solution was poured into a stirring
mixture of HCl (2M aq., 225 mL) and MeOH (75 mL). The resultant red precipitate was isolated by
vacuum filtration and washed with water and MeOH. The crude red solid was purified by column
chromatography (silica gel, CH2Cl2). The product was dissolved in a minimum volume of CHCl3 and
the solution added to MeOH to precipitate the pure product and remove any ionic impurities. The
product was isolated via vacuum filtration as a red solid.

6r6-PBI. From 6r6-12 (1.02 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, 6r6-PBI was obtained
as a red solid (0.78 g, 61%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.49 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.29
(d, J = 8.2 Hz, 4H, PBI, 2,5,8,11-positions), 6.86 (s, 4H, ArH), 5.28 (s, 4H, –NCH2), 4.02 (t, J = 6.5
Hz, 8H, –OCH2 C6), 4.00–3.89 (m, 4H, –OCH2 dm8*), 1.84–1.76 (m, 10H, –CH(CH3)CH2– dm8*,–
OCH2CH2 C6), 1.71–1.64 (m, 2H, –CH(CH3)2 dm8*), 1.55–1.43 (m, 12H, –OCH2CH2 dm8* and –
O(CH2)2CH2 C6), 1.39–1.05 (m, 28H, –(CH2)3– dm8* and –(CH2)2– C6), 0.92–0.87 (m, 18H, –CH3
dm8* and C6), 0.83 (d, J = 6.5 Hz, 12H, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 163.31,
153.19, 134.52, 132.25, 131.55, 129.79, 128.96, 123.30, 123.06, 108.48, 71.84, 69.35, 39.49,
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37.65, 37.49, 31.79, 29.87, 29.57, 28.11, 25.96, 24.84, 22.79, 22.72, 19.70, 14.20. MALDI-TOF
MS (m/z): [M + Na]+ calcd for C82H110N2O10, 1305.81; found, 1306.18.

r6r-PBI. From r6r-12 (1.14 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 14 h, r6r-PBI was obtained
as a red solid (0.87 g, 67%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.41 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.18
(d, J = 7.9 Hz, 4H, PBI, 2,5,8,11-positions), 6.88 (s, 4H, ArH), 5.28 (s, 4H, –NCH2), 4.11–4.02 (m,
8H, –OCH2 dm8*), 3.90 (t, J = 6.7 Hz, 4H, –OCH2 C6), 1.90–1.82 (m, 4H, –CH(CH3)2 dm8*), 1.76–
1.67 (m, 8H, –CH(CH3)CH2– dm8* and –OCH2CH2 C6), 1.65–1.39 (m, 12H, –OCH2CH2 dm8* and
–O(CH2)2CH2 C6), 1.39–1.10 (m, 32H, –(CH2)3– dm8* and –(CH2)2– C6), 0.95 (d, J = 6.6 Hz, 12H,
–CH3 dm8*), 0.88–0.82 (m, 30H, –CH(CH3)2 dm8* and –CH3 C6).

13C

NMR (126 MHz, CDCl3, δ):

162.93, 152.92, 137.84, 134.11, 132.00, 131.18, 128.80, 125.81, 122.98, 122.71, 108.27, 73.29,
67.42, 43.76, 39.19, 37.31, 36.41, 31.68, 30.20, 29.73, 27.89, 25.69, 24.65, 22.61, 22.57, 22.50,
19.53, 13.97. MALDI-TOF MS (m/z): [M + Na]+ calcd for C90H126N2O10, 1417.93; found, 1419.66.

rr6-PBI. From rr6-12 (1.07 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, rr8-PBI was obtained
as a red solid (770 mg, 59%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.53 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.35
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.87 and 6.86 (overlapping s, 4H, ArH), 5.29 (s, 4H, –
NCH2), 4.10–3.88 (m, 12H, –OCH2 dm8* and C8), 1.90–1.75 (m, 8H, –CH(CH3)CH2– dm8* and –
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OCH2CH2 C6), 1.74–1.63 (m, 4H, –CH(CH3)2 dm8*), 1.63–1.43 (m, 12H, –OCH2CH2 dm8* and –
O(CH2)2CH2 C6), 1.37–1.05 (m, 32H, –(CH2)3– dm8* and –(CH2)2– C6), 0.94 (d, J = 6.6 Hz, 6H, –
CH3 C6), 0.88 (t, J = 6.6 Hz, 12H, –CH3 dm8*), 0.85 and 0.83 (overlapping d, J = 6.6 Hz, 24H, –
CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ): 163.35, 153.19, 138.09, 134.59, 132.24, 131.59,
129.27, 127.12, 126.31, 123.36, 123.11, 108.45, 71.83, 69.34, 67.65, 39.50, 39.45, 37.66, 37.65,
37.58, 37.55, 37.50, 36.64, 31.79, 29.98, 29.88, 29.57, 28.13, 28.11, 25.96, 24.89, 24.84, 22.86,
22.83, 22.79, 22.75, 22.73, 19.79, 19.75, 19.71, 14.20. MALDI-TOF MS (m/z): [M + Na]+ calcd for
C90H126N2O10, 1417.93; found, 1417.08.

66r-PBI. From 66r-12 (1.02 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 14 h, 66r-PBI was obtained
as a red solid (0.73 g, 57%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.53 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.35
(d, J = 8.0 Hz, 4H, PBI, 2,5,8,11-positions), 6.86 (overlapping s, 4H, ArH), 5.29 (s, 4H, –NCH2),
4.10–3.98 (m, 8H, –OCH2 dm8*), 3.90 (t, J = 6.7 Hz, 4H, –OCH2 C6), 1.90–1.75 (m, 4H, –
CH(CH3)CH2– and –CH(CH3)2 dm8*), 1.75–1.66 (m, 8H, –OCH2CH2 C6), 1.63–1.38 (m, 12H, –
OCH2CH2 dm8* and –O(CH2)2CH2 C6), 1.38–1.09 (m, 28H, –(CH2)3– dm8* and –(CH2)2– C6), 0.94
(d, J = 6.6 Hz, 6H, –CH3 dm8*), 0.92–0.82 (m, 24H, –CH3 C6, –CH(CH3)2 dm8*).

13C

NMR (126

MHz, CDCl3, δ): 163.36, 153.18, 134.60, 132.23, 131.60, 126.32, 124.95, 123.37, 123.11, 108.48,
73.54, 69.35, 67.67, 39.44, 37.55, 36.64, 31.92, 31.78, 30.43, 29.97, 29.57, 28.14, 25.95, 25.92,
24.89, 22.85, 22.81, 22.78, 22.74, 19.77, 14.21, 14.18. MALDI-TOF MS (m/z): [M + Na]+ calcd for
C82H110N2O10, 1305.81; found, 1305.69.
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10r10-PBI. From 10r10-12 (1.27 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate
dihydrate (220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 16 h, 10r10-PBI
was obtained as a red solid (0.88 g, 58%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.42 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.19
(d, J = 8.3 Hz, 4H, PBI, 2,5,8,11-positions), 6.87 (s, 4H, ArH), 5.27 (s, 4H, –NCH2), 4.03 (t, J = 6.7
Hz, 8H, –OCH2 C10), 4.01–3.88 (m, 4H, –OCH2 dm8*), 1.85–1.77 (m, 10H, –CH(CH3)2 dm8* and
–OCH2CH2 C10), 1.75–1.62 (m, 2H, –CH(CH3)CH2–), 1.55–1.43 (m, 12H, –OCH2CH2 dm8* and –
O(CH2)2CH2 C10), 1.39–1.05 (m, 60H, –(CH2)3– dm8* and –(CH2)6– C10), 0.91–0.84 (m, 18H, –
CH(CH3)2 and –C(H)CH3 dm8*), 0.83 (d, J = 6.6 Hz, 12H, –CH3 C10). 13C NMR (126 MHz, CDCl3,
δ): 163.22, 153.20, 134.40, 132.26, 131.47, 129.08, 127.63, 126.10, 123.25, 122.98, 122.09,
108.52, 71.83, 69.36, 39.50, 37.66, 37.51, 32.07, 29.88, 29.82, 29.76, 29.64, 29.51, 28.11, 26.32,
24.85, 22.83, 22.73, 19.70, 14.25. MALDI-TOF MS (m/z): [M + Na]+ calcd for C98H142N2O10,
1530.06; found, 1529.84.

r10r-PBI. From r10r-12 (1.27 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate dihydrate
(220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 18 h, r10r-PBI was obtained
as a red solid (1.06 g, 70%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.54 (d, J = 8.0 Hz, 4H, PBI, 1,6,7,12-positions), 8.37
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.86 (s, 4H, ArH), 5.29 (s, 4H, –NCH2), 4.09–4.00 (m,
8H, –OCH2 dm8*), 3.89 (t, J = 6.7 Hz, 4H, –OCH2 C8), 1.88–1.80 (m, 4H, –CH(CH3)2 dm8*), 1.74–
1.66 (m, 8H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.63–1.46 (m, 12H, –OCH2CH2 dm8* and
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–O(CH2)2CH2 C10), 1.38–1.08 (m, 48H, –(CH2)3– dm8* and –(CH2)6– C10), 0.93 (d, J = 6.6 Hz,
12H, –CH3 dm8*), 0.88–0.82 (t, 30H, –CH3 C10 and –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3,
δ): 163.10, 152.91, 137.84, 134.35, 131.96, 131.35, 126.08, 123.13, 122.86, 108.21, 95.89, 73.28,
67.41, 39.19, 37.30, 36.40, 31.81, 30.23, 29.72, 29.61, 29.55, 29.50, 29.26, 27.89, 26.02, 24.64,
22.61, 22.57, 22.50, 19.53, 13.99. MALDI-TOF MS (m/z): [M + Na]+ calcd for C98H142N2O10,
1530.06; found, 1529.32.

rr10-PBI. From rr10-12 (390 mg, 0.68 mmol), PTCDA (121 mg, 0.31 mmol), and zinc acetate
dihydrate (67.6 mg, 0.31 mmol) stirred in molten imidazole (1.00 g) at 160 °C for 12 h, rr10-PBI
was obtained as a red solid (220 mg, 48%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.45 (d, J = 7.9 Hz, 4H, PBI, 1,6,7,12-positions), 8.22
(d, J = 8.2 Hz, 4H, PBI, 2,5,8,11-positions), 6.84 (overlapped s, 4H, ArH), 5.28 (s, 4H, –NCH2),
4.11–4.00 (m, 8H, –OCH2 dm8*(a) and C10), 3.99–3.87 (t, J = 6.7 Hz, 4H, –OCH2 dm8*(b)), 1.91–
1.75 (m, 8H, –CH(CH3)CH2– dm8* and –OCH2CH2 C10), 1.75–1.64 (m, 4H, –CH(CH3)2 dm8*),
1.64–1.43 (m, 12H, –OCH2CH2 dm8* and –O(CH2)2CH2 C10), 1.38–1.06 (m, 48H, –(CH2)3– dm8*
and –(CH2)6– C10), 0.95 (d, J = 6.6 Hz, 6H, –CH3 C10), 0.92–0.80 (m, 36H, –CH3 dm8*, –CH(CH3)2
dm8*).

13C

NMR (126 MHz, CDCl3, δ): 163.25, 153.19, 138.10, 134.44, 132.26, 131.49, 126.15,

123.28, 123.00, 108.47, 71.83, 69.34, 67.67, 39.50, 39.45, 37.66, 37.59, 37.56, 37.51, 36.65,
32.07, 29.99, 29.88, 29.82, 29.76, 29.64, 29.51, 28.14, 28.11, 26.32, 24.89, 24.84, 22.86, 22.83,
22.75, 22.73, 19.79, 19.76, 19.72, 14.25. MALDI-TOF MS (m/z): [M + Na]+ calcd for C98H142N2O10,
1530.06; found, 1529.68.
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1010r-PBI. From 1010r-12 (1.27 g, 2.2 mmol), PTCDA (392 mg, 1.0 mmol), and zinc acetate
dihydrate (220 mg, 1.00 mmol) stirred in molten imidazole (3.00 g) at 160 °C for 21 h, 1010r-PBI
was obtained as a red solid (1.08 g, 72%).
HPLC: ≥99%. 1H NMR (500 MHz, CDCl3, δ): 8.47 (d, J = 8.0 Hz, 4H, PBI, 1,6,7,12-positions), 8.26
(d, J = 8.1 Hz, 4H, PBI, 2,5,8,11-positions), 6.87 (overlapped s, 4H, ArH), 5.28 (s, 4H, –NCH2),
4.10–3.99 (m, 8H, –OCH2 dm8*), 3.90 (t, J = 6.7 Hz, 4H, –OCH2 C8), 1.89–1.67 (m, 12H, –
CH(CH3)CH2– and –CH(CH3)2 dm8*, –OCH2CH2 C10), 1.63–1.38 (m, 12H, –OCH2CH2 dm8* and
–O(CH2)2CH2 C10), 1.38–1.10 (m, 60H, –(CH2)3– dm8* and –(CH2)6– C10), 0.94 (d, J = 6.4 Hz,
6H, –CH3 dm8*), 0.89–0.82 (m, 12H, –CH3 C10, –CH(CH3)2 dm8*). 13C NMR (126 MHz, CDCl3, δ):
163.27, 153.18, 138.09, 135.79, 134.47, 132.23, 131.51, 123.30, 123.03, 108.50, 73.56, 69.35,
67.68, 44.03, 39.44, 37.56, 36.66, 32.07, 30.49, 29.98, 29.86, 29.82, 29.81, 29.76, 29.63, 29.51,
28.14, 26.31, 24.90, 22.86, 22.75, 19.78. MALDI-TOF MS (m/z): [M + Na]+ calcd for C98H142N2O10,
1530.06; found, 1528.78.
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APPENDIX TO CHAPTER 6
A6.1

Characterization of Hybrid PBIs by GPC and MALDI-TOF Mass Spectrometry

Figure A6.1. GPC traces of hybrid linear-racemic PBIs and rrr-PBI. The labels ‘22’, ‘26’, ‘28’, and
‘30’ refer to the total number of carbon atoms in a single sequence-defined dendron of the PBI.
Increasing molecular weight leads to decreased elution time, as expected.
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Figure A6.2. MALDI-TOF mass spectrometry of hybrid linear-racemic PBIs and rrr-PBI. Calculated
and experimentally observed masses are indicated.
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A6.2

Data Tables for Thermal, Structural, and Retrostructural Analysis

Table A6.1. Transition Temperatures and Associated Enthalpy Changes of SequenceDefined Hybrid Linear-Racemic PBIs Determined by DSC and Phases Determined by XRD
Thermal transition temperature (°C) and corresponding enthalpy change (kcal/mol)
First heating
First cooling
Second heating
rrr-PBI

hk1 200 (3.45) i
hk1 200 (3.70) i

i 198 (–3.17) hk1

rr6-PBI

hk2 136 (0.97) c–ok 153 (0.63) hio 207 (2.58) i
c–ok – a hk2 138 (0.53) c–ok 153 (0.71) hio
206 (2.52) i
c–ok 216 (6.40) i
c–ok 216 (6.38) i
c–ok 175 (0.92) hk1 229 (4.23) i
xk 179 (0.64) hk1 229 (4.25) i
c–ok 238 (7.24) i
c–ok 239 (7.35) i
c–ok 272 (9.39) i
mk –27 (1.93) mk 23 (0.56) mk 30 (0.14) c–ok
272 (9.47) i

i 203 (–2.57) hio – a hk2

6r6-PBI
r6r-PBI
66r-PBI
666-PBI b

i 208 and 206 (–5.92) c–ok
i 226 (–4.19) hk1 148 (–0.32) xk
i 230 (–6.73) c–ok
i 257 (–9.34) c–ok 27 (–0.46) mk 20 (–1.09) mk

hk2 111 (0.31) hio 204 (3.26) i
i 201 (–3.15) hio
k2
io
h 118 (0.38) h 204 (3.15) i
10r10-PBI
c–ok 104 (0.94) hio 209 (3.04) i
i 206 (–2.95) hio – a c–ok
c–ok 108 (0.80) hio 209 (3.19) i
r10r-PBI
c–ok – a hk1 222 (4.98) i
i 219 (–4.81) hk1
k1
h 222 (5.12) i
1010r-PBI
c–ok 121 (0.92) hio 225 (4.39) i
i 223 (–4.21) hio– a c–ok
k
io
c–o 125 (1.06) h 225 (4.31) i
101010-PBI b
Layk 5 (1.32) Layk 35 (4.12) Layk 119 (18.01)
i 225 (–3.63) hio 121 (–0.84) c–ok –5 (–3.05)
hio 227 (3.65) i
mk
k
k
k
io
m 11 (2.18) m 62 (0.27) c–o 139 (0.76) h
227 (3.65) i
a
No first order phase transition observed by DSC. b Data taken from ref. 16. Phase notation: Φhk1 – columnar hexagonal
crystalline phase with offset dimers13; Φhk2 – columnar hexagonal crystalline phase with cogwheel assembly13; xk –
unknown crystalline columnar phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φmk – columnar monoclinic
crystalline phase; Φhio – 2D columnar hexagonal phase with short range intracolumnar order; Layk – layered crystalline
phase; i – isotropic. Note: quantitative uncertainties are ±1 ºC for thermal transition temperatures and ~ 2% for the
associated enthalpy changes reported in kcal/mol.
rr10-PBI

284

Table A6.2. Structural Analysis of Sequence-Defined Hybrid Linear-Racemic PBIs by XRD

T
(°C)

Phase a

rrr-PBI

70
100

Φhk1
Φhk2

28.5, 28.5, 26.3; 120.0°
27.0, 27.0, 14.7; 120.0°

rr6-PBI

115
140
165
110
140
155
100
15

Φhk2
Φc–ok
Φhio
Φc–ok
Φc–ok
Φhk1
Φc–ok
Φmk

25.4, 25.4, 15.2; 120.0°
52.4, 23.3, 16.8; 90.0°
27.8, 27.8, –; 120.0°
38.6, 27.7, 14.4; 90.0°
43.2, 27.5, 14.8; 90.0°
27.7, 27.7, 26.8; 120.0°
38.9, 28.0, 14.5; 90.0°
29.7, 35.1, 44.1; 114.6°

45

Φc–ok

36.2, 27.4, 14.7; 90.0°

Φc–ok
Φhk1
Φc–ok
Φhio
Φhk2
Φhio
Φc–ok
Φhio
Φmk

43.3, 27.9, 14.8; 90.0°
29.2, 29.2, 26.5; 120.0°
48.9, 31.8, 14.8; 90.0°
30.6, 30.6, –; 120.0°
28.5, 28.5, 14.6; 120.0°
30.2, 30.2, –; 120.0°
44.4, 29.4, 14.7; 90.0°
31.6, 31.6, –; 120.0°
26.2, 47.2, 14.0; 96.3°

6r6-PBI
r6r-PBI
66r-PBI
666-PBI i

a, b, c (Å); γ b

d100, d110, d200, d210, d300, d220, d310, d400, d320, d410; d101,
d111, d201 (Å) c
d110, d200, d020, d310, d220, d400, d420, d330 (Å) d
d10, d11, d20, d21 (Å) e
d010, d110, d100, d1-10, d200, d020, d120, d120, d310, d200, d220, d2-20,
d240, d240; d001, d101, d1-11, d121, d01-1, d031, d421; d002, d112, d122
(Å) f
24.7, 14.5, 12.3, 9.4, –, –, –, –, –, –; –, –, – c
22.9, 13.3, 11.5, 8.7, 7.7, –, 6.4, 5.7, 5.3, 5.0; 12.5, 10.0,
9.1 c
22.5, 12.9, 11.4, –, –, –, 6.3, –, –, –; 12.6, 9.9, 9.0 c
21.9, 26.7, 11.8, 14.6, 10.9, 13.3, 9.0, 7.2 d
24.3, 13.9, 12.4, 9.1 e
22.9, 19.3, 13.7*, 13.7*, 11.4, 9.6, 7.8, 7.4 d
22.6, 20.5, 13.6, 12.6, 11.5, –, –, – d
24.0, 13.9, 12.0, 9.0, –, –, –, –, –, –; –, –, – c
22.1, 19.1, 13.9, 11.6*, 11.6*, 9.8, 8.1, 7.6 d
–, 21.4, –, –, 17.6, 13.5, –, 10.7, –, 10.7, –, –, –; 40.1, –, –
, –, 19.0, 9.7, 7.5; –, –, – f
21.9, 18.1, 13.7, 11.0, 10.9, 9.1, 7.6, 7.3 d

23.9, 22.0, 13.9, 12.8, 11.7, 10.8, 8.5, – d
24.5, 14.5, 12.6, 9.5, –, –, –, –, –, –; –, –, – c
10r10-PBI
26.7, 23.2, –, 14.7, 13.5, –, 9.8, – d
24.1, 14.1, 12.8, 9.6 e
rr10-PBI
24.0, 14.3, 12.4, 9.6, 8.3, –, –, –, –, –; 13.1, 10.4, 9.5 c
25.2, 14.9, 13.2, 10.0 e
1010r-PBI
24.0, 21.0, –, 12.9, 12.0, –, –, – d
26.5, 15.7, 13.7, 10.0 e
i
101010-PBI
–, –, 26.0, –, –, 23.5, 18.5, –, 13.0, 12.0, 10.9, –, 8.3; 14.0,
–, –, –, –, 10.4, -; 7.0, 6.7, 6.6 f
k
25 Φm
35.1, 40.0, 14.3; 97.1°
–, 28.0, –, 24.7, –, 19.9, –, –, –, 14.0, 12.4, 9.1, –; 14.3,
13.2, 12.4, 11.3, –, -, –; 7.2, –, – f
k
125 Φc–o
30.6, 46.8, 14.5; 90.0°
25.6, 23.4, –, 13.9, 12.8, –, 9.3, 8.5 d
a
Phase notation: Φhk1 – columnar hexagonal crystalline phase with offset dimers 13; Φhk2 – columnar hexagonal crystalline
phase with cogwheel assembly13; xk – unknown crystalline columnar phase; Φs–ok – columnar simple orthorhombic
crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φmk – columnar monoclinic crystalline phase;
Φhio – 2D columnar hexagonal phase with short range intracolumnar order. b Lattice parameters determined from fiber X-ray
diffraction as follows: for hexagonal phases, dhkl = [4(h2 + k2 + hk)/(3a2) + (l/c)2]–1/2; for orthorhombic phases, dhkl = [(h/a)2 +
(k/b)2 + (l/c)2]–1/2; for monoclinic phases: dhkl = [(h/a sin γ)2 + (k/b sin γ)2 + (l/c)2 – {(2hk cos γ)/(ab sin2 γ)}]–1/2. c Experimental
diffraction peak d-spacings for the Φhk1 and Φhk2 phases. d Experimental diffraction peak d-spacings for the Φc–ok phase. e
Experimental diffraction peak d-spacings for the Φhio phase. f Experimental diffraction peak d-spacings for the Φmk phase. h
Data taken from ref. 16. * indicates overlapping features in XRD pattern.
r10r-PBI

100
140
80
110
100
130
50
160
–35
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Table A6.3. Retrostructural Analysis of Sequence-Defined Hybrid Linear-Racemic PBIs
T
Phase a
a, b, c (Å) b
Dcol t
Mwt g
, ,  (°)c
f
h
(Å)d

(Å)e

90.0, 90.0, 120.0

28.5

3.3

27.0, 27.0, 14.7

90.0, 90.0, 120.0

27.0

3.7

Φhk2

25.4, 25.4, 15.2

90.0, 90.0, 120.0

25.4

3.8

140

Φc–o

52.4, 23.3, 16.8

90.0, 90.0, 90.0

28.7

3.4

165

Φhio

27.8, 27.8, –

90.0, 90.0, 120.0

27.8

3.3

6r6-PBI

110

Φc–ok

38.6, 27.7, 14.4

90.0, 90.0, 90.0

23.8

3.6

1.07

1283.79

0.97 ≈ 1

r6r-PBI

140

Φc–ok

43.2, 27.5, 14.8

90.0, 90.0, 90.0

25.6

3.7

1.08

1396.00

1.02 ≈ 1

155

Φhk1

27.7, 27.7, 26.8

90.0, 90.0, 120.0

27.7

3.4

66r-PBI

100

Φc–o

38.9, 28.0, 14.5

90.0, 90.0, 90.0

24.0

3.6

1.08

1283.79

1.00 ≈ 1

666-PBI i

15

Φmk

29.7, 35.1, 44.1

90.0, 114.6, 90.0

23.0

3.5

1.10

1171.57

0.98 ≈ 1

45

Φc–ok

36.2, 27.4, 14.7

90.0, 90.0, 90.0

22.7

3.5

100

Φc–ok

43.3, 27.9, 14.8

90.0, 90.0, 90.0

25.8

3.7

140

Φhk1

29.2, 29.2, 26.5

90.0, 90.0, 120.0

29.2

3.3

(°C)
rrr-PBI

rr6-PBI

r10r-PBI
10r10-PBI
rr10-PBI
1010r-PBI
101010-PBI i

Φh

k1

28.5, 28.5, 26.3

100

Φhk2

115

70

k

k

(g/cm3)
1.05

(g/mol)
1508.22

0.97 ≈ 1
0.97 ≈ 1

1.09

1396.00

1.00 ≈ 1
1.21 ≈ 1
1.04 ≈ 1

1.04 ≈ 1

1.03 ≈ 1
1.06

1508.22

0.95 ≈ 1
1.04 ≈ 1

80

Φc–o

48.9, 31.8, 14.8

90.0, 90.0, 90.0

29.2

3.7

110

Φhio

30.6, 30.6, –

90.0, 90.0, 120.0

30.6

3.4

100

Φhk2

28.5, 28.5, 14.6

90.0, 90.0, 120.0

28.5

3.7

130

Φhio

30.2, 30.2, –

90.0, 90.0, 120.0

30.2

3.4

50

Φc–ok

44.4, 29.4, 14.7

90.0, 90.0, 90.0

26.6

3.7

160

Φh

31.6, 31.6, –

90.0, 90.0, 120.0

31.6

3.4

–35

Φmk

26.2, 47.2, 14.0

90.0, 90.0, 96.3

26.2

3.5

25

Φmk

35.1, 40.0, 14.3

90.0, 90.0, 97.1

26.6

3.5

1.03 ≈ 1

125

Φc–ok

30.6, 46.8, 14.5

90.0, 90.0, 90.0

27.9

3.5

1.08 ≈ 1

k

io

1.05

1508.22

1.04

1508.22

1.05

1508.22

1.04

1508.22

1.22 ≈ 1
1.16 ≈ 1
1.07 ≈ 1
1.12 ≈ 1
1.02 ≈ 1
1.23 ≈ 1
0.89 ≈ 1

Phase notation: Φhk1 – columnar hexagonal crystalline phase with offset dimers 13; Φhk2 – columnar hexagonal crystalline
phase with cogwheel assembly13; xk – unknown crystalline columnar phase; Φs–ok – columnar simple orthorhombic
crystalline phase; Φc–ok – columnar centered orthorhombic crystalline phase; Φmk – columnar monoclinic crystalline phase;
Φhio – 2D columnar hexagonal phase with short range intracolumnar order. b,c Lattice parameters determined from fiber and
powder X-ray diffraction as follows: for hexagonal phases, dhkl = [4(h2 + k2 + hk)/(3a2) + (l/c)2]–1/2; for orthorhombic phases,
dhkl = [(h/a)2 + (k/b)2 + (l/c)2]–1/2; for monoclinic phases: dhkl = [(h/a sin γ)2 + (k/b sin γ)2 + (l/c)2 – {(2hk cos γ)/(ab sin2 γ)}]–1/2.
d
Column diameter calculated using: Dcol = a for Φhio and Φhk, and Dcol = a / [2 cos (tan–1 b/a)] for Φc–ok. e Stratum thickness
calculated from the meridional pattern. f Experimental density measured at 23 C. g Molecular weight of the compound. h
Average number of dendrimers forming the supramolecular column stratum, calculated using:  = (NA··A·t)·(2Mwt)–1, where
NA = 6.022 × 1023 mol–1, A is the unit cell area of the ab-plane, and t is the average stratum thickness calculated from the
meridional pattern. i Data taken from ref. 16.
a
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CHAPTER 7
Hierarchical Self-Organization of Perylene Bisimides into Supramolecular Spheres
and Periodic Arrays Thereof
(Adapted with permission from Sahoo, D.; Peterca, M.; Aqad, E.; Partridge, B. E.; Heiney, P. A.;
Graf, R.; Spiess, H. W.; Zeng, X.; Percec, V. J. Am. Chem. Soc. 2016, 138, 14798–14807.
Copyright 2016, American Chemical Society)

7.1

Introduction

Substituted perylene bisimides (PBIs) are an archetypal 1a building block for supramolecular
assemblies,1 both due to the ease with which they can be synthetically tailored and due to the wide
range of their potential applications, most recently including biologically relevant assemblies 2 and
organic electronics.3 The large, planar aromatic core of PBI facilitates cofacial π–π stacking,1a
favoring columnar4,5 and lamellar1a assemblies. Although 3D phases generated from spheres,
including Pm3̄n cubic,6 Im3̄m body-centered cubic (BCC),7 P42/mnm tetragonal,8 and 12-fold liquid
quasicrystalline (LQC),9 have been discovered for self-assembling dendrons and recently
transplanted to block copolymers,10 surfactants,11 and other soft matter,12 no such phases have
ever been observed for an assembly of PBI, presumably due to the inability of the PBI geometry to
generate a suitable spherical building block. Micelles and hollow vesicular structures assembled
from PBI derivatives have been obtained via co-assembly in solution.13 However, vesicles exhibit
different shapes, broad polydispersity, and represent lamellar structures with substantial curvature.
Therefore they do not self-organize into periodic arrays, a requirement to demonstrate a perfectly
spherical building block.
Library approaches developed in Percec’s laboratory1b,14 have demonstrated that spherical building
blocks are generated from a single spherical molecule6b or from assemblies of molecules with either
a conical6a,8 or crown15 conformation. Here we report the synthesis, structural and retrostructural
analysis1b,14 of a PBI dendronized at its imide groups with two identical second generation dendrons
(denoted G2-PBI) that assembles into a supramolecular sphere generated from tetrameric crowns
(TCs). These supramolecular spheres of G2-PBI further organize into an Im3̄m BCC lattice at high
temperature and, upon cooling, into a columnar hexagonal phase in which supramolecular columns
are themselves made from spheres. Symmetric and inverted TCs are responsible for the formation
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of the supramolecular sphere and subsequent organization into both a cubic phase and a columnar
hexagonal phase generated from columns of spheres, whereas symmetric and asymmetric TCs
enable two classical columnar hexagonal phases at lower temperature. The rapid molecular motion
of the TCs of G2-PBI at elevated temperature enables this first example of a spherical building
block assembled from PBI.

7.2

Results and Discussion

7.2.1

Synthesis of Perylene Bisimide with Second Generation Self-Assembling Dendrons,

G2-PBI
Scheme 7.1. Synthesis of G2-PBIa,b

a

Reagents and conditions: (i) Dry K2CO3, DMF, 75 ºC, 16 h; (ii) N2H4·H2O, EtOH/THF, reflux, 15 h;
(iii) 5, Zn(OAc)2·2H2O, quinoline, 180 ºC, 8 h. b Color code (also used in all models): Br, pink; O,
red; N, blue; C atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms of the propylene
linker, gray; peripheral dodecyl chains, black.
The synthesis of G2-PBI dendronized with second generation benzyl ether dendrons is shown in
Scheme 7.1. First generation propyl dendron bromide 1, synthesized as reported,16 was
functionalized with nitrophenol 2, also prepared by known procedures,5a via a Williamson
etherification with K2CO3 in dry DMF to give the second generation dendron 3 in 84% yield.
Reduction of the nitro group of 3 with hydrazine hydrate in refluxing ethanol and THF gave amine
dendron 4 in 80% yield after 15 h. Functionalization of perylene tetracarboxylic dianhydride (5) with
4 in the presence of zinc acetate dihydrate in quinoline provided G2-PBI in 75% isolated yield after
column chromatography in acetone/DCM (1:20) and precipitation of a DCM solution into methanol.
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7.2.2

Thermal Analysis by Differential Scanning Calorimetry (DSC)

G2-PBI was analyzed by DSC to determine the temperatures at which first order phase transitions
occur and the enthalpy changes associated with each transition (Figure 7.1). Phases indicated in
Figure 7.1 were identified by X-ray diffraction (XRD, to be discussed later).

Figure 7.1. DSC traces of G2-PBI recorded with heating and cooling rates of 10 °C/min upon first
heating, first cooling, and second heating. Phases determined by XRD (defined in main text),
transition temperatures (in °C), and associated enthalpy changes (in parentheses in kcal/mol) are
indicated.
The as-prepared sample of G2-PBI generates a 3D crystalline columnar hexagonal (Φhk) phase
below 7 °C which transitions into a 2D liquid crystalline columnar hexagonal phase with
intracolumnar order (Φhio) at 7 °C. XRD analysis reveals that two distinct 2D Φhio phases are
generated by G2-PBI upon first heating: a low temperature phase observed between 7 and 125 °C,
denoted Φhio1, and a high temperature phase observed between 125 and 158 °C, denoted Φhio2.
The 2D Φhio2 phase transforms into a BCC (Im3̄m) phase at 158 °C, which melts into an isotropic
liquid at 211 °C. Subsequent cooling and second heating regenerates all four phases (Φhk, Φhio1,
Φhio2, and BCC). The transition temperature upon heating from Φhk to Φhio1 increases from 7 °C on
first heating to 18 °C on second heating and is accompanied by a substantially sharper thermal
transition and higher associated enthalpy change (Figure 7.1, bottom), suggesting that Φhk
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generated upon first cooling from Φhio1 is more highly ordered than that observed in the as-prepared
sample.
7.2.3

Supramolecular Columns Self-Organized from Asymmetric Tetrameric Crowns

(TCs)
Phases denoted in Figure 7.1 were determined by analysis of XRD patterns of oriented fibers and
powder samples of G2-PBI. XRD data were collected at two different detector-to-sample distances
to permit observation of diffraction features arising from different ranges of d-spacings: at a distance
of 0.54 m, denoted intermediate-angle X-ray scattering (IAXS), and at 0.11 m, denoted wide-angle
X-ray scattering (WAXS). The structures of the supramolecular assemblies comprising each phase
were determined by (a) construction of a molecular model, (b) simulation of the XRD pattern of that
model using Cerius2 software, (c) comparison of the experimental and simulated XRD patterns and
(d) refinement of the molecular model. In selected cases the X-ray patterns were also compared to
models for the orientational distribution of columns using a simulation which performed Fourier
transforms of simplified structural models incorporating the necessary disorder. This iterative
process was repeated until the experimental XRD pattern was well reproduced by the XRD pattern
simulated from the molecular model.
XRD patterns measured upon second heating demonstrate that G2-PBI assembles into a 3D
crystalline columnar hexagonal (Φhk) phase at 0 °C (Figure 7.2). The column axis (lattice c-axis) is
oriented along the fiber axis.5 The observation of higher-order Bragg peaks (d100, d110, d200, d210,
d300, d310, and d410) in the Φhk phase (Figure 7.2b, c) indicates a higher degree of ordering on the
atomic scale compared to the Φhio1 phase, in which these higher-order Bragg peaks are not
observed (Figure 7.3), most likely driven by freezing of the aliphatic chains at low temperatures.
The large enthalpy change observed by DSC (16.10 kcal/mol at 18 °C upon second heating) upon
transition from Φhk to Φhio1 indicates that Φhk at 0 ºC cannot be liquid crystalline. It must therefore
be a crystalline columnar hexagonal phase, even though hkl diffractions indicative of intercolumnar
order are not observed, most probably due to the quenching in of the disorder of the Φhio1 phase
upon cooling.
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Figure 7.2. XRD patterns and molecular models of the 3D crystalline columnar hexagonal (Φhk)
phase generated from asymmetric tetrameric crowns. Data collected from an oriented fiber during
second heating after initial heating to the Φhio1 phase and cooling to the Φhk phase at 10 °C/min.
(a) Experimental IAXS pattern. (b) Experimental WAXS pattern (left) compared with XRD pattern
simulated from the model in (e–i) (right). (c, d) Radial plots along (c) equatorial and (d) meridional
axes of the WAXS pattern. Temperature, phase, lattice parameters, layer lines and fiber axis are
indicated. (e–i) Molecular models of the Φhk phase: (e) single molecule, top view; (f) dimer, top
view; (g, h) asymmetric tetrameric crown, (g) side and (h) top view; (i) column, side view. Color
code: O, red; N, blue; C atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms of the
propylene linker, gray. Peripheral dodecyl (–C12H25) chains are omitted for clarity. (j) Schematic
representation of columns with molecules indicated as green bars.
The number of molecules in each stratum of the supramolecular column, μ, can be determined
from the experimental density and the XRD-derived lattice parameters (Table 7.1). Taking the
experimental values for the Φhk phase of G2-PBI, we can calculate that μ = 1.7. Due to experimental
error in the density measurement (~5%) and determination of the lattice parameters (~5% per
parameter), we can conclude from μ = 1.7 that there are two molecules per column stratum of
thickness 4.8 Å. The experimentally derived c-parameter further indicates that there are four (c/t =
19.2 Å/4.8 Å = 4) column strata per unit cell, forming a column of diameter, Dcol (= a for Φhk), of
48.8 Å.
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Table 7.1. Structural Analysis of G2-PBI by XRD
T
(°C)

Phase a

a, b, c (Å) b

t
(Å) c

d

Dcol
(Å) e

d100, d110, d200, d210, d300, d310, d410,d001, d002,
d003 (Å) f
d110, d200, d211 (Å) g
0
Φhk
48.8, 48.8, 19.2
4.8
1.7
48.8
42.5, 24.5, 21.2, 16.0, 14.1, 11.7, 9.7, 9.2,
19.2, 9.6, 6.4 f
io1
80
Φh
49.5, 49.5, 9.6
4.8
1.8
49.5
42.9, –, 21.5, 16.2, –, –, –, –, 9.6, –, – f
140 Φhio2
46.1, 46.1, –
–
–
46.1
–
180 BCC
51.6, 51.6, 51.6
–
–
44.7
38.4, 25.9, 21.1 g
a Phase notation: Φ k – 3D crystalline columnar hexagonal phase; Φ io1 – low temperature 2D liquid crystalline
h
h
columnar hexagonal phase with intracolumnar order; Φhio2 – high temperature 2D liquid crystalline columnar
hexagonal phase with intracolumnar order; BCC – body-centered cubic phase. b Lattice parameters calculated
using dhk = (√3a/2)·(h2 + k2 + hk)–1/2 for hexagonal phases, and dhkl = (a)·(h2 + k2 + l2)–1/2 for the cubic phase. c
Average column stratum thickness calculated from the meridional axis features of WAXS fiber patterns. d
Average number of dendrimers forming the supramolecular column stratum with thickness t, calculated using
μ = (NA·A·t·ρ)·(Mwt)–1 where NA is Avogadro’s number (6.022 × 1023 mol–1), A is the area of the column crosssection calculated from the lattice parameters, ρ is the experimental density measured at 23 °C (1.02 g/cm3),
and Mwt is the molecular weight (3559.5 g/mol). e Column diameter for Φh phases (Dcol = a) and sphere
diameter for the BCC phase (Dsphere = √3a/2). f Experimental d-spacings for the Φh phases. g Experimental dspacings for the BCC phase.

A model consistent with the lattice parameters and density calculations described above suggests
that each column stratum is formed by two molecules (Figure 7.2e) whose cores are adjacent and
co-planar (Figure 7.2f). This stratal dimer repeats at an interval of 4.8 Å along the column axis. This
π–π stacking distance of 4.8 Å is larger than the 3.3–3.5 Å close contact stacking typically observed
in columnar assemblies of PBI derivatives.5 In G2-PBI, steric interactions between the hydrogen
atoms on the phenyl ring of the dendron and the oxygen atoms of the bisimide cause a twist of the
phenyl ring out of the plane of the aromatic PBI core. This twist precludes close-contact stacking
and results in an increased π–π stacking distance. This mechanism will be discussed in more detail
in a future publication. Thus each dimer is separated by 4.8 Å and rotated by 90° with respect to
its neighbor. However, the column axis, about which the dimers are rotated, is not coincident with
the center of each dimer. Instead, each dimer is displaced from the center of the column in the abplane and thus each pair of dimers forms an asymmetric tetramer (Figure 7.2g, h). The propyl
chains in the second generation dendrons, and aliphatic dodecyl chains, enable these tetramers to
adopt a crown conformation.15 These asymmetric tetrameric crowns (TCs) stack along the column
axis rotated by 180° with respect to each other such that the resultant column has a repeating unit
equal to two TCs, that is, four column strata or eight molecules (Figure 7.2i). Simulation of the XRD
pattern of this model qualitatively reproduces the experimentally observed intensities (Figure 7.2b).
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This shifting of molecules and off-centered molecular arrangements to form asymmetric units
stacked along the column axis have been observed previously in PBI derivatives. 5c,d
7.2.4

Supramolecular Columns Self-Organized from Symmetric TCs

Figure 7.3. XRD patterns and molecular models of the low temperature 2D liquid crystalline
columnar hexagonal phase with intracolumnar order (Φhio1) generated from symmetric tetrameric
crowns. Data collected from an oriented fiber during first heating at 10 ºC/min. (a) Experimental
IAXS pattern. (b) Experimental WAXS pattern (left) compared with XRD pattern simulated from the
model in (e–i) (right). (c) Simulation of fiber scattering from the (left) Φhk and (right) Φhio1 phases,
with intracolumnar positional order but random column heights. Note that (001) and (hk1)
diffractions are sharp in the simulated pattern of Φhk, but (hk1) diffractions have been smeared into
a streak in Φhio1, as observed in the experimental data in (b). Temperature, phase, lattice
parameters, layer lines and fiber axis are indicated. (d–h) Molecular models of the Φhio1 phase: (d)
single molecule, top view; (e) dimer, top view; (f, g) symmetric tetrameric crown, (f) side and (g) top
view; (h) column, side view. Color code: O, red; N, blue; C atoms of the PBI, green; C atoms of
phenyl rings, orange; C atoms of the propylene linker, gray. Peripheral dodecyl (–C12H25) chains
are omitted for clarity. (i) Schematic representation of columns with molecules indicated as green
bars.
The large enthalpy change of the transition between the Фhk and Фhio1 phases (16.10 kcal/mol upon
second heating, Figure 7.1a) is inconsistent with a phase transition between two hexagonal
crystalline phases, but can be explained by the disruption of a crystalline phase to give a liquid
crystalline array. The diffraction patterns of G2-PBI observed in Фhio1 (Figure 7.3a, b) are consistent
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with a liquid crystalline columnar hexagonal phase (space group P6mm), with extended
intracolumnar order but without intercolumnar height-height correlations. This intracolumnar order
extends over a greater range than a 2D liquid crystal but over a shorter range than a 3D crystalline
array. XRD data indicate that the supramolecular column of Фhio1 has a smaller diameter (Dcol = a)
than that of Φhk (49.5 vs 48.8 Å, respectively).
As in Φhk, it can be calculated (Table 7.1) that there are two molecules (μ = 1.8) per column stratum
of thickness 4.8 Å. Molecules of G2-PBI in Фhio1 form dimers (Figure 7.3e) identical to those in Φhk
(Figure 7.2f). However, the center of the dimer in Фhio1 is coincident with the column axis and
therefore the supramolecular column has a symmetric TC repeating unit equal to two column strata
containing four molecules (Figure 7.3f, g). The supramolecular columns formed from this symmetric
TC of thickness 9.6 Å (Figure 7.3h) pack into a hexagonal lattice without correlation between the
heights of molecules in adjacent columns. Furthermore, the lack of higher order hk0 Bragg peaks,
such as d300, d310, and d410, in the experimental XRD pattern of the Фhio1 phase (Figure 7.3b, left)
indicates a degree of disorder in the supramolecular structure, arising perhaps from movement of
the supramolecular columns or liquid-like disorder in the aliphatic chains.
7.2.5

Supramolecular Spheres Self-Organized from Symmetric and Inverted Tetrameric

Crowns
Both the orientations and radial positions of the diffraction peaks in the XRD patterns of the phase
observed between 158 and 211 °C are well described by a BCC phase with a = 51.6 Å (Figure
7.4a).7 The BCC lattice has identical structural units at each vertex and at the center of a
conventional cubic unit cell (Figures 7.4f and 7.5). The BCC lattice observed here most likely
belongs to space group Im3̄m in agreement with previous BCC phases assembled from soft
matter.7 The BCC phase assignment is also supported by the comparable sphere and column
diameters (Dsphere (BCC, 180 °C) = (√3/2)a2 = 44.7 Å and Dcol (Фhio2, 140 °C) = a = 46.1 Å).15b
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Figure 7.4. XRD patterns and molecular models of the supramolecular spheres generated from
symmetric and inverted tetrameric crowns generating the BCC (Im3̄m) array. Data collected from
an oriented fiber during first heating at 10 ºC/min. Temperature, phase, lattice parameters, and
fiber axis are indicated. (a) Experimental IAXS and (inset) WAXS patterns. (b) Molecular simulation
assuming BCC packing using the model in (d–g), without orientational disorder of the subunits. The
[111]cub axis is aligned with the fiber axis. (c) Reconstructed electron density map. (d–g) Molecular
and supramolecular models of the BCC phase. (d) Top and (e) side views of the 12-molecule
supramolecular sphere. (f) Schematic view of the BCC unit cell after the structural units have been
orientationally averaged to form spheres. (g) Top view of the unit cell. Color code: O, red; N, blue;
C atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms of the propylene linker, gray.
Red lines in (g) have been used to show the unit cell parameters. Peripheral dodecyl (–C12H25)
chains are omitted for clarity.
Electron density maps reconstructed from XRD data (Figure 7.4c) suggest that the structural
subunits are almost uniform spheres of electron density centered at the vertices and center of the
conventional BCC cell. The relative intensity profile is dominated by the (110) diffraction, as there
is little change to the reconstructed electron density map upon inclusion of the relatively weak (200)
and (211) diffractions. From the experimental density and BCC lattice parameters, we calculate
that there must be 24 molecules per unit cell, forming two repeat units of 12 molecules each. We
initially consider this 12-molecule unit to consist of three TCs (Figures 7.3f, g and 7.4e) from the
supramolecular column of the Φhio1 phase. The top and bottom TCs in the supramolecular sphere
are symmetric TCs (Figure 7.3f, g), whereas the central TC is inverted such that the dendrons in
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each dimer are pointed in opposite directions (Figure 7.4e). This distorted geometry of the central
TC is similar to the planar and saddle-like conformations observed in sphere-forming crowns of
dendronized cyclotriveratrylene15a and triphenylene.15b The supramolecular unit has an
orthorhombic shape, but the shape of the surface defined by the ends of the highly disordered
aliphatic tails is approximately spherical (Figure 7.4e).15,17 This unit is the first example of a
supramolecular sphere assembled from PBIs. The BCC lattice is generated by placing one of these
spherical orientationally averaged units at each corner and in the center of the cubic cell and hence
is a type of “plastic crystal” like the high temperature phase of C60.18 Solid state NMR (to be
discussed later) demonstrates that G2-PBI is very mobile in the cubic phase, suggesting a
mechanism via which the supramolecular spheres achieve the orientational disorder required to
retain cubic symmetry.
7.2.6

BCC as a Special Case of the Hexagonal Lattice

Extrusion of a fiber preferentially aligns the column axis (lattice c-axis) of the supramolecular
columns along the fiber axis. Upon heating to the BCC phase, one of the [111]cub (body diagonal)
cubic directions is oriented along the fiber axis, while the other three [111] cub directions are
randomly pivoted about that axis. We note here that the 3-fold symmetry of the cubic lattice around
the [111]cub direction means that a BCC lattice can be considered as a special case of a hexagonal
lattice (Figure 7.5). Supramolecular columns in the hexagonal lattice are defined as stacks of
spheres aligned along the [111]cub direction (Figure 7.5a, b). Three distinct types of columns,
denoted 1, 2, and 3 in Figure 7.5a, b, d, whose heights are displaced by z = 0, c/3, and 2c/3,
respectively, assemble into a √3 × √3 superlattice (Figure 5e and highlighted spheres in Figure
7.5b). The corner and center spheres of the BCC cell can then be defined by nine spheres, three
from each of column types 1, 2, and 3 (Figure 7.5b, c). A more thorough mathematical treatment
of the BCC phase as a special case of the hexagonal lattice is provided in the Appendix, Section
A7.1.
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Figure 7.5. Schematic depiction of a BCC cubic lattice treated as a √3 × √3 hexagonal lattice (Фhio
phase). The “spheres” are the 12-molecule subunits shown in Figure 4d,e. The distance between
spheres in each column is c. The lattice a-parameter is the distance between identical columns, a
= c·√(8/3). Spheres within columns 1, 2, and 3 are displaced along the column axis by z = 0, z =
c/3, and z = 2c/3 respectively.
7.2.7

Columns Self-Organized from Supramolecular Spheres of G2-PBI

Consideration of a BCC phase as a special case of a hexagonal lattice (Figure 7.5) aids us in
describing the supramolecular structure of G2-PBI in the 2D liquid crystalline columnar hexagonal
phase with intracolumnar order (Φhio2) observed between 125 and 158 °C. Superficially, XRD
patterns of Φhio2 collected at 140 °C (Figure 7.6a) appear similar to those collected in the BCC
phase at 180 °C (Figure 7.4a, b). However, azimuthal and radial plots (Figure 7.4c, d, e) show that
peaks (1) and (4) are stronger and substantially sharper than peaks (2), (3), (5), and (6). Peaks (1)
and (4) are true Bragg peaks, with radial width limited by instrumental resolution and azimuthal
width limited by the orientational distribution of the fiber, while the other four peaks are strong
diffuse maxima. The d-spacing of peaks (1) and (4) is 39.8 Å which, interpreted as the (100)
diffraction of a hexagonal lattice (Figure 7.6i), would correspond to a hexagonal lattice parameter,
a, and column diameter, Dcol (= a) of 46.2 Å. The proposed space group of the Φhio2 phase is P6mm.
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Figure 7.6. XRD patterns of the high temperature 2D liquid crystalline columnar hexagonal (Φhio2)
phase with intracolumnar order generated from supramolecular spheres. Data collected from an
oriented fiber during first heating at 10 ºC/min. (a) Experimental IAXS and (inset) WAXS patterns.
(b) Simulation of fiber scattering from a hexagonal lattice in which supramolecular columns consist
of spheres, as shown in Figure 5, with a single orientation of columns determined by the fiber axis.
Temperature, phase, lattice parameters, and fiber axis are indicated. (c) Azimuthal plot of
measured scattering intensity. Numerical labels correspond to those in (a). Fitted peak widths (fullwidth at half-maximum, FWHM) are (1) 16.2º, (2) 23.4º, (3) 21.0º, (4) 12.8º, (5) 20.4º, and (6) 21.6º.
(d, e) Radial plots through (d) peak 1 (FWHM = 0.0032 Å–1) and (e) peak 2 (FWHM = 0.058 Å–1).
(f) Top and (g) side views of the 12-molecule supramolecular sphere. Color code: O, red; N, blue;
C atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms of the propylene linker, gray.
(h) Schematic representation of columns with molecules indicated as green bars. Peripheral
dodecyl (–C12H25) chains are omitted for clarity. (i) Electron density map reconstructed from (hk0)
Bragg peaks.
The strong similarity of the XRD pattern of Фhio2 (Figure 7.6a) to that of the BCC phase (Figure
7.4a, b) suggests a model for this intermediate phase. Peaks (1) and (4) in Figure 7.6a, b are at
almost exactly the same positions as the (110) diffractions in the BCC phase (Figure 7.4a, b), but
peaks (2), (3), (4) and (5), while nominally similar to (110) diffractions, are much broader, indicating
the presence of disorder. Reconstructed electron density maps (Figure 7.6i) support a hexagonal
arrangement of columns but cannot provide information about the distribution of electron density
along the column c-axis due to the lack of Bragg peaks with l ≠ 0 observed by XRD. However,
simulation of fiber scattering (Figure 7.6b) reproduces the experimental XRD pattern (Figure 7.6a)
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and demonstrates that columns composed of spheres along the [111] cub direction and randomly
displaced along their long axis, can produce this diffraction peak broadening. Thus the proposed
structure of Фhio2 is similar to the hexagonal lattice depicted in Figure 7.5a, with 12-molecule
spherical units (Figure 7.5f, g) packed into columns with only short-range height-height correlations
between columns. Hence the same supramolecular sphere generated for the first time from a PBI
is able to self-organize into a BCC phase (Figure 7.4) and also into a column of supramolecular
spheres (Figure 7.6). Organization into columns of supramolecular spheres rather than disk shape
building blocks is entropically favored19 while also preserving favorable intersphere van der Waals
interactions, thus providing a driving force for the formation of the Фhio2 phase. The structural
analysis of the four phases of G2-PBI is summarized in Table 7.1.
7.2.8

Molecular Dynamics Investigated by Solid State 1H and 13C NMR

Solid state cross-polarization magic angle spinning (CP-MAS) NMR experiments (Figure 7.7)
interrogate both the structure and dynamics of chemical groups within supramolecular structures. 20
13C

variable temperature (VT) CP-MAS NMR spectra (Figure 7.7b) are readily observed for G2-

PBI in Φhio1, demonstrating the low mobility of the PBI molecules in the columnar assemblies.
Transition from Φhio1 to Φhio2 results in a continuous decrease in the intensity of the

13C

CP-MAS

signals (compare Figure 7.7b, 100 °C with 120 and 140 °C). This diminishing intensity indicates
increasing motion of G2-PBI as the supramolecular spheres of the Φhio2 phase become increasing
orientationally disordered. The disappearance of

13C

CP-MAS signals between 160 and 200 °C

indicate that G2-PBI becomes so mobile in the BCC phase that heteronuclear dipolar couplings
are absent (Figure 7.7b), and hence 13C CP-MAS NMR spectra cannot be recorded.
In contrast, high resolution liquid state type 13C insensitive nuclei enhanced by polarization transfer
magic angle spinning (INEPT-MAS) NMR21 monitors only those molecular sites where dipolar
couplings between neighboring spins are sufficiently averaged by molecular motions to allow for T2
relaxation times longer than 10 ms, and thus provides information complimentary to, but
inaccessible via, the CP-MAS measurement.

13C

INEPT-MAS NMR spectra (Figure 7.7c)

demonstrate how the molecular mobility of G2-PBI increases with increasing temperature from the
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periphery of the molecule toward the core. A weak signal around 75 ppm is observed in the Φhio2
phase, suggestive of a greater degree of motion than in the INEPT-MAS-silent Φhio1 phase, and
consistent with the introduction of some orientational disorder in the stacks of G2-PBI. At the phase
transition from Φhio2 to the BCC phase, the outer phenyl rings of the dendrons, which show
restricted molecular motions in Φhio2, become mobile, as indicated by the increased INEPT-MAS
NMR signal intensity (Figure 7.7c) and confirmed by the reduced CP-MAS NMR signal intensity
(Figure 7.7b). This observation supports our interpretation that G2-PBI forms supramolecular
objects which exhibit almost perfect columnar order in the Φhio2 phase but have, on average,
spherical symmetry in the BCC phase due to orientational averaging.

Figure 7.7. Solid state variable temperature (VT) 1H and 13C NMR spectra of G2-PBI recorded at
10 kHz MAS spinning frequency and 500 MHz 1H Larmor frequency. (a) 1H VT cross-polarization
magic angle spinning (CP-MAS) NMR spectra. (b) 13C VT CP-MAS NMR spectra. (c) 13C VT
insensitive nuclei enhanced by polarization transfer magic angle spinning (INEPT-MAS) NMR
spectra.
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Pleasingly, 1H CP-MAS spectra (Figure 7.7a) are more easily interpreted. Just above the phase
transition, at T = 160 ºC (phase transition by DSC = 158 °C), the BCC phase becomes very
heterogeneous, as indicated by the broad, almost rectangular, signals arising from the –OCH2
protons of the linker between the inner and outer phenyl rings around 3.8 ppm and from the phenyl
protons around 6.5 ppm. The heterogeneity in the BCC cubic (Im3̄m) phase can be probed with a
2D 1H–13C insensitive nuclei enhanced by polarization transfer magic angle spinning (INEPT-MAS)
correlation NMR experiment (Figure 7.8).21 The heterogeneous broadening of the O–CH2 signals
observed in the 1H MAS NMR spectrum is confirmed in the 1H dimension of the correlation spectrum
but does not correlate with a broadening of the O–CH2

13C

NMR signal. Remarkably, the

broadening of the aromatic 1H MAS-NMR signals of the outer phenyl rings clearly correlates with a
broadening of the

13C

NMR signals. In particular the aromatic 1H sites next the O–CH2 groups

observed at 117 ppm in the solid state NMR spectra is clearly broadened in both dimensions. The
1H

MAS NMR spectra recorded at higher temperatures indicate that this broadening vanishes at

higher temperature.

Figure 7.8. 1H–13C INEPT-MAS correlation NMR spectrum recorded at T = 160°C, 10 kHz MAS
spinning frequency and 500 MHz 1H Larmor frequency.
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These observations indicate that the propyl linkers between the inner and the outer phenyl rings
become mobile in the cubic phase. At higher temperature, these molecular fluctuations are
sufficiently fast as to average heterogeneities on the timescale of the NMR experiment. All signals
from the outer dendritic part of the molecules indicate a common shift towards lower ppm values
with increasing temperature, which might be attributed to thermal expansion and the increasingly
important entropic contributions of the dendritic side groups. Thus solid state NMR studies show
that this high order system exhibits a marked mobility, at its highest at the periphery of G2-PBI,
which increases with temperature and changes at the phase transitions. This mobility provides the
basis for the formation of spherically averaged units that can self-organize into a cubic lattice.

7.3

Conclusions

Figure 7.9. Schematic models of the four phases of G2-PBI. Phase notation: Φhk – 3D crystalline
columnar hexagonal phase; Φhio1 – low temperature 2D liquid crystalline columnar hexagonal
phase with intracolumnar order; Φhio2 – high temperature 2D liquid crystalline columnar hexagonal
phase with intracolumnar order; BCC (Im3̄m) – body-centered cubic phase. Transition
temperatures as observed by DSC upon second heating at 10 °C/min are noted.
The structural and retrostructural analysis of the supramolecular assemblies of a PBI functionalized
with two second generation self-assembling dendrons at its imide groups, G2-PBI, is summarized
in Figure 7.9. G2-PBI adopts a new crown conformation which permits assembly into a crystalline
columnar hexagonal (Φhk) phase via asymmetric tetrameric crowns (TCs) and a 2D liquid crystalline
columnar hexagonal (Φhio1) phase with intracolumnar order via symmetric TCs. Above 124 °C, G2PBI has sufficient molecular mobility to allow inversion of TCs and formation of an unprecedented
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supramolecular sphere. This is the first example known to us of a supramolecular sphere generated
from a PBI derivative. This sphere self-organizes into a BCC phase rarely observed for selfassembling dendrons but favorable here due to the compact, non-deformable nature of the isotropic
spheres generated by G2-PBI.19 Upon cooling, a columnar hexagonal (Φhio2) phase in which
supramolecular columns are unexpectedly made of spheres is formed. We propose that the
conformational flexibility inherent in G2-PBI which permits rapid molecular motion at higher
temperature is critical to its ability to self-assemble into a supramolecular sphere. We anticipate
that the spheres and BCC phase of G2-PBI will provide general design principles for the assembly
of additional molecular building blocks into spherical supramolecular units and their subsequent
self-organization into further 3D structures. The hierarchical mechanism of self-organization of
supramolecular spheres and periodic arrays generated from them will be shown to be general with
libraries of PBIs and of other related planar molecules. The transition from the periodic arrays
generated from spheres to the array generated from classical columns is expected to provide
access to a new generation of molecular switches.

7.4

Experimental Section

7.4.1

Materials

Hydrazine hydrate (N2H4·H2O), zinc acetate dihyrate (Zn(OAc)2·2H2O), and quinoline (all from
Acros), Potassium carbonate (K2CO3) (from Alfa Aesar). DMF, EtOH, and THF (all from Fisher,
ACS reagent) were used as received. 3-{3,5-bis[3-(3,4-bis(dodecyl-1-oxy)phenyl)propyl-1oxy]phenyl}propyl bromide22 (1) and 5-nitrobenzene-1,2,3-triol23 (2) were synthesized according to
previously reported procedures.
7.4.2

Techniques

Solution NMR. 1H NMR (500 MHz) and

13C

NMR (125 MHz) spectra were recorded on a Bruker

DRX 500 instrument. The purity of the products was determined by a combination of thin layer
chromatography (TLC) and high pressure liquid chromatography (HPLC). TLC was carried out on
precoated aluminum plates (silica gel with F254 indicator; layer thickness 200 μm; particle size, 2–
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25 μm; pore size 60 Å, from Sigma-Aldrich). HPLC was performed using a Perkin-Elmer Series 10
high pressure liquid chromatograph with an LC-100 column oven, Nelson Analytical 900 series
integrator data station and two Perkin-Elmer PL gel column 5 × 102 and 1 × 104 Å. THF was used
as solvent with a UV detector.
Differential Scanning Calorimetry (DSC). Thermal transitions were measured on TA instrument
2920 modulated and Q100 differential scanning calorimeter (DSC) integrated with a refrigerated
cooling system (RCS). The heating and cooling rates were 1 or 10 oC/min. The transition
temperatures were measured as the maxima and minima of their endothermic and exothermic
peaks. Indium and sapphire were used as standards for calibration. An Olympus BX-51 optical
polarized microscope (40× magnification) equipped with a Mettler FP 82HT hot stage and Mettler
Toledo FP90 central processor was used to verify thermal transitions and to characterize
anisotropic textures.
Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF). Matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was performed on PerSeptive
Biosystems-Voyager-DE (Framingham, MA) mass spectrometer equipped with a nitrogen laser
(337 m) and operating in linear mode. Internal calibration was performed using Angiotensin II and
Bombesin as standards. The analytical sample were obtained by mixing a THF solution of the
sample (5–10 mg/mL) and the matrix (3,5-dihydroxybenzoic acid) (10 mg/mL) in a 1:1 to 1:5 v/v
ratio. The prepared solution (0.5 μL) was loaded on the MALDI plate and allowed to dry at 25 oC
before the plate was inserted into the vacuum chamber of the MALDI instrument. The laser steps
and voltages were adjusted depending on the molecular weight and the nature of each analyte.
Density Measurements. For density measurements, a small mass of sample (~0.5 mg) was placed
in a vial filled with water followed by ultrasonication to remove the air bubbles embedded within the
sample. The sample sank to the bottom of the vial due to its high density compared with water. A
saturated aqueous solution of potassium iodide (KI) was then added into the solution at ~ 0.1 g per
aliquot to gradually increase the solution density. KI was added at an interval of at least 20 min to
ensure equilibrium within the solution. When the sample was suspended in the middle of the
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solution, the density of the sample was identical to that of the solution, which was measured by a
10 mL volumetric flask.
X-ray Diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics and triple pinhole collimation
were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a Bruker-AXS Hi-Star
multiwire area detector. To minimize attenuation and background scattering, an integral vacuum
was maintained along the length of the flight tube and within the sample chamber. Samples were
held in quartz capillaries (0.7–1.0 mm in diameter), mounted in a temperature-controlled oven
(temperature precision: ± 0.1 °C, temperature range from –120 °C to 270 °C). The distance
between the sample and the detector was 11.0 cm for wide angle diffraction experiments and 54.0
cm for intermediate angle diffraction experiments. Aligned samples for fiber XRD experiments were
prepared using a custom-made extrusion device.5c The powdered sample (~10 mg) was heated
inside the extrusion device. After slow cooling, the fiber was extruded in the liquid crystal phase
and cooled to 23 °C. Typically, the aligned samples have a thickness of 0.3–0.7 mm and a length
of 3–7 mm. All XRD measurements were done with the aligned sample axis perpendicular to the
beam direction. Primary XRD analysis was performed using Datasqueeze (version 3.0). 24
Molecular Modelling and Simulation. Molecular modeling, and simulation experiments were
performed using Materials Studio (version 5) software from Accelrys. The Forcite module was used
to perform the energy minimizations on the supramolecular structures. Details were reported
previously.25
7.4.3

Synthesis

1,2,3-Tris{3-[3,4-bis(dodecyl-1-oxy)phenyl]-propoxy]}-5-nitrobenzene (3). In a 100 mL threeneck flask equipped with a condenser were placed N,N-dimethylformamide (DMF, 70 mL) and dry
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K2CO3 (4 g, 28.60 mmol). The resulting suspension was degassed with a stream of Ar for 15 min.
5-Nitro-benzene-1,2,3-triol

(2)

(0.33

g,

1.93

mmol)

and

3-[(3,4-bis(dodecyl-1-

oxy)phenyl]propylbromide (1) (3.3 g, 1.59 mmol) were added and the mixture was stirred at 75 ºC
for 16 h. The reaction mixture was poured into cold water (100 mL) and the resulting precipitate
was filtered, washed with water and methanol, and dried. Recrystallization from acetone produced
2.66 g (84 %) of pale-yellow powder.
Purity (HPLC): 99 %+, TLC (SiO2, CH2Cl2) Rf = 0.45. 1H NMR (CDCl3, d, ppm, TMS): 0.90 (t, J =
6.4 Hz, 18H, 6CH3), 1.29 (m, 96H, 6CH3(CH2)8), 1.48 (m, 12H, 6AlkCH2CH2CH2OAr), 1.76 (m, 12H,
6AlkCH2CH2CH2OAr), 1.83 (overlapped m, 6H, 3ArCH2CH2CH2OAr), 2.77 (overlapped m, 6H,
3ArCH2CH2CH2OAr), 3.91 (m, 12H, 6AlkCH2CH2CH2OAr), 3.98 (t, J = 6.8 Hz, 4H,
2ArCH2CH2CH2OAr), 3.99 (t, J = 6.8 Hz, 2H, ArCH2CH2CH2OAr), 6.69-6.82 (overlapped m, 9H,
ortho, and meta to CH2CH2CH2OAr), 7.48 (s, 2H, ArH ortho to NO2).

13C

NMR (CDCl3, d, ppm,

TMS): 14.5 (CH3), 23.1 (CH2CH3), 26.5 (CH2CH2CH2OAr), 29.7 (CH3(CH3)2CH2), 30.0-30.1
(overlapped CH3(CH2)3(CH2)5), 30.6 (CH2CH2OAr), 32.5 (ArCH2CH2CH2OAr, 3,5 positions), 32.9
(ArCH2CH2CH2OAr, 3,5 positions), 71.5 (ArCH2CH2CH2OAr, 3,5 positions), 73.2 (AlkCH2OAr),
105.1 (ArC ortho to NO2), 114.6 (ArC (2’) ortho to CH2CH2CH2OAr, 3,4,5 positions), 114.9 (ArC
(3’) meta to CH2CH2CH2OAr, 3,4,5 positions), 120.7 (ArC (6’) ortho to CH2CH2CH2OAr, 3,4,5
positions), 131.6 (ArC para to NO2), 142.1 (ArC ipso to NO2), 146.9 (ArC ipso to ArCH2CH2CH2O
or meta to NO2).

3,4,5-Tris{3-[3,4-bis(dodecyloxy)phenyl]propoxy}phenylamine (4). To a solution of 1,2,3tris{3-[3,4-bis(dodecyl-1-oxy)phenyl]-propoxy]}-5-nitrobenzene (3) (1.20 g, 0.73 mmol) in a mixture
of EtOH (5 mL) and THF (15 mL) was added hydrazine monohydrate (N 2H4·H2O) (0.11 g, 2.2
mmol). The reaction mixture was refluxed under Ar atmosphere for 15 h. The mixture was
concentrated to dryness in vacuo. The resultant residue was dissolved in a minimal volume of
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CH2Cl2 and passed through a short column of silica gel using a mixture of CH2Cl2 and acetone
(10:1 v/v) as eluent. The solution was concentrated to dryness in vacuo, and the remaining product
was recrystallized twice from acetone to produce 0.94 g (80 %) of pure product as white crystals.
Purity (HPLC): 99 %+. TLC (SiO2, CH2Cl2/acetone, 10:1) Rf = 0.4. 1H NMR (CDCl3, d, ppm, TMS):
0.89 (t, J = 6.4 Hz, 18H, 6CH3), 1.28 (m, 96H, 6CH3(CH2)8), 1.47 (m, 12H, 6AlkCH2CH2CH2OAr),
1.77 (m, 12H, 6AlkCH2CH2CH2OAr), 1.82 (overlapped m, 6H, 3ArCH2CH2CH2OAr), 2.75
(overlapped m, 6H, 3ArCH2CH2CH2OAr), 3.12 (s, 2H, NH2), 3.91-4.00 (overlapped m, 18H,
6AlkCH2CH2CH2Oar, and 3ArCH2CH2CH2OAr), 5.88 (s, 2H, ArH ortho to NH2), 6.69-6.80
(overlapped m, 9H, ortho, and meta to CH2CH2CH2OAr).

13C

NMR (CDCl3, d, ppm, TMS): 14.5

(CH3), 23.1 (CH2CH3), 26.5 (CH2CH2CH2OAr), 29.7 (CH3(CH3)2CH2), 30.0-30.1 (overlapped
CH3(CH2)3(CH2)5),

30.6

(CH2CH2OAr),

32.5

(ArCH2CH2CH2OAr,

3,5

positions),

32.9

(ArCH2CH2CH2OAr, 3,5 positions), 71.5 (ArCH2CH2CH2OAr, 3,5 positions), 73.2 (AlkCH2OAr), 94.5
(ArC ortho to NH2), 114.6 (ArC (2’) ortho to CH2CH2CH2OAr, 3,4,5 positions), 114.9 (ArC (3’) meta
to CH2CH2CH2OAr, 3,4,5 positions), 120.7 (ArC (6’) ortho to CH2CH2CH2OAr, 3,4,5 positions),
122.2 (ArC para to NH2), 139.6 (ArC ipso to NH2), 144.9 (ArC ipso to ArCH2CH2CH2O or meta to
NH2).

2,9-bis(3,4,5-tris(3-(3,4-bis(dodecyloxy)phenyl)propoxy)phenyl)anthra[2,1,9-def:6,5,10d'e'f']diisoquinoline-1,3,8,10(2H,9H)-tetraone
tetracarboxylic

acid

dianhydride

(5)

(G2-PBI).
(0.09

g,

A

suspension

0.22

mmol),

of

perylene

3,4,5-tris{3-[3,4-

bis(dodecyloxy)phenyl]propoxy}phenylamine (4) (0.75 g, 0.37 mmol), and Zn(OAc)2·2H2O (50 mg,
0.22 mmol) in quinoline (7 mL) was heated at 180 ºC under Ar atmosphere for 8 h. The reaction
mixture was cooled to 23 ºC whereupon it was poured into HCl (1 M aq., 20 mL). The resulting
precipitate was filtered, washed with water (20 mL) and methanol (20 mL), and dried. The crude
product was purified by column chromatography on silica gel using a mixture of CH 2Cl2/acetone
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(20:1 v/v) as eluent. The fractions containing the product were collected and concentrated to
dryness in vacuo. The resulting red powder was dissolved in a minimum volume of CH 2Cl2 and
precipitated by the addition of methanol to produce 0.62 g (75 %) of pure product as a red solid.
Purity (HPLC): 99 %+. TLC (SiO2, CH2Cl2/acetone, 20:1): Rf = 0.40. 1H NMR (CDCl3, d, ppm, TMS):
0.89 (t, J = 6.3 Hz, 36H, 12CH3), 1.28 (m, 192H, 12CH3(CH2)8), 1.44 (m, 24H,
12AlkCH2CH2CH2OAr), 1.78 (m, 12H, 6AlkCH2CH2CH2OAr), 2.11 (overlapped m, 12H,
6ArCH2CH2CH2OAr), 2.74 (t, J = 5.72 Hz, 8H, 4ArCH2CH2CH2OAr), 2.91 (t, J = 5.72 Hz, 4H,
2ArCH2CH2CH2OAr),

3.91-3.99

(overlapped

m,

32H,

12AlkCH2CH2CH2Oar,

and

4ArCH2CH2CH2OAr), 4.18 (t, J = 5.63 Hz, 4H, ArCH2CH2CH2OAr), 6.58 (s, 4H, ArH, ortho to
N(C=O)2), 6.69-6.81 (overlapped m, 18H, ortho, and meta to OAlk), 8.73 (d, J = 7.91 Hz, 4H,
H2,5,8,11), 8.74 (d, J = 7.91 Hz, 4H, H1,6,7,12). 13C NMR (CDCl3, d, ppm, TMS): 14.4 (CH3), 23.0
(CH2CH3), 26.5 (CH2CH2CH2OAr), 29.7 (CH3(CH3)2CH2), 29.9.0-30.1 (CH3(CH2)3(CH2)5), 31.6
(CH2CH2OAr), 32.5 (ArCH2CH2CH2OAr, 3,5 positions), 32.9 (ArCH2CH2CH2OAr, 3,5 positions),
68.7 (ArCH2CH2CH2OAr, 3,5 positions), 73.2 (AlkCH2OAr), 107.5 (ArC ortho to N(C=O)2), 114.8
(ArC (2’) ortho to CH2CH2CH2OAr, 3,4,5 positions), 115.0 (ArC (3’) meta to CH2CH2CH2OAr, 3,4,5
positions), 121.0 (ArC (6’) ortho to CH2CH2CH2OAr, 3,4,5 positions), the signals at 123.4, 123.8,
126.4, 129.2, 130.4, and 131.7, corresponds to perylene carbons;135.5 (ArC para to N(C=O)2),
147.9 (ArC ipso to N(C=O)2), 154.0 (ArC ipso to ArCH2CH2CH2O or meta to N(C=O)2), 163.5 (C=O).
MALDI-TOF (m/z): [M+K]+ calcd for C234H366N2O22K: 3595.73; found, 3598.46.
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APPENDIX TO CHAPTER 7
A7.1

Mathematical Treatment of a BCC Lattice as a Special Case of a Hexagonal Lattice

First define unit vectors and lattice vectors for a simple hexagonal lattice. The a and b lattice vectors
are 120º away from each other and have the same length. The c lattice vector is perpendicular to
a and b and can have any length. Lattice vectors are labeled by the integers n, o, p.

A simple hexagonal lattice has a basis of one atom, at (0 0 0).
Next define unit cells and lattice vectors for a simple cubic lattice:

A simple cubic lattice has a basis of one atom, at (0 0 0). A body-centered cubic lattice has a basis
of two atoms:

a c (nxˆ c + oyˆ c + pzˆ c )



1
1
1 
rc − nop =   


a  n +  xˆ c +  o +  yˆ c +  p +  zˆ c 
 c  
2
2
2 



If we look down a body diagonal, (1 1 1) direction of a cube we see 3-fold symmetry. In Figure
A7.1, the x, y, and z axes are all coming out of the page (the same distance) and the origin is at
the center. The 6 points at (x-z), (x-y), (y-x), (y-z), (z-x), (z-y) lie in the sample plane as the origin.
The points at -x, -z, -z point into the page.
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Figure A7.1. Diagram showing the three-fold symmetry of a BCC lattice as viewed along a body
diagonal ([111] direction).
So we want the hexagonal a direction to go along the cubic x-z direction, the hexagonal b-direction
to go along the cubic y-x direction, and the hexagonal c-direction to go along the cubic x+y+z
direction, and all the unit vectors should be properly normalized.

1
( x̂c + ŷc + ẑc )
3
1
x̂h =
( x̂c - ẑc )
2
1
ŷh =
(- x̂c + 2 ŷc - ẑc )
6

ẑh =

We can also invert these relationships to get

x̂c =

x̂h
ŷ
ẑ
- h + h
2
6
3

2 ŷh ẑh
+
3
3
x̂
ŷ
ẑ
ẑc = - h - h + h
2
6
3
ŷc =

We will take the c parameter of the new hexagonal cell to be the distance between the cubic point
at (000) and that at (½, ½, ½). The a parameter will be the vector going from the origin to (x-z) in
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Figure A7.1, and the b parameter will be the vector going from the origin to (y-x) above. So the
hexagonal unit cell is as shown in Figure A7.2.

Figure A7.2. Diagram showing a hexagonal unit cell (shaded area) as described by vectors
defined by a BCC lattice.
Calculating the hexagonal lattice parameters in terms of the cubic ones,

Calculate the volume of the hexagonal unit cell:

Since the conventional unit cell has 2 atoms, this unit cell must have 2 atoms. One of these is at
the origin:

One of these is at point 1 (y), which is out of the plane but below c:
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The point at -z is below the plane, but if we go up a c lattice parameter (half the cubic body diagonal)

we get:
So, the final result is that we have a basis of 3 identical objects, which could be atoms or identical
clusters of atoms, at positions given by:

The c-axis parameter must be the a-axis parameter times the square root of (3/8). A schematic of
the columns, as seen from above, is shown in Figure 5d, overlaid on a honeycomb lattice. The
green dots are at z = 0, the red dots are at z = c/3, and the blue dots are at z = 2c/3.
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CHAPTER 8
Hierarchical Self-Organization of Chiral Columns from Chiral Supramolecular
Spheres
(Adapted with permission from Sahoo, D.; Imam, M. R.; Peterca, M.; Partridge, B. E.; Wilson, D.
A.; Zeng, X.; Ungar, G.; Heiney, P. A.; Percec, V. J. Am. Chem. Soc. 2018, 140, 13478–13487.
Copyright 2018, American Chemical Society)

8.1

Introduction

The self-assembly of supramolecular columns from disc-like molecules is well established.1
Subsequently, tapered,2 twin-tapered,3 and Janus-tapered4 molecules and larger fragments of
discs,5 as well as other quasi-discotic molecules including crown-like molecules6 and hat-shaped
crowns,6c were also demonstrated to self-assemble into supramolecular columns by various
combinations of non-bonding interactions7 or by polymerization.8 These columns self-organize into
periodic liquid crystalline and crystalline arrays which exhibit diverse functions including ionic and
electronic conduction,9 nanomechanical function,10 water transport as mimics of transmembrane
pores,11 and nanoporous polymer films.12 In contrast, supramolecular spheres cannot be selfassembled from tapered molecules and flat discs, or fragments thereof, unless those molecules
are able to undergo conformational changes. Such quasiequivalent13 building blocks and
dendronized components adopting a conical or crown-like conformation may self-assemble into
supramolecular spheres,1j,1l which subsequently self-organize into 3D phases including bodycentered cubic (BCC, Im3̄m),14 Pm3̄n cubic15 (known also as Frank-Kasper A1516 or Q22317),
tetragonal (P42/mnm, known also as Frank-Kasper σ),18 and 12-fold liquid quasicrystalline
(LQC)16b,19 phases. Notably, helical supramolecular columns and supramolecular spheres can be
chiral,8d,10c,20,21 even when they are assembled from achiral dendrons.1j,1l The chirality of a sphere,
which can most easily be conceived as a loxodrome that resembles a helical apple peel, 22 has
been discussed previously, 23,24 utilized synthetically,25 and investigated theoretically.26
The conformation, or secondary structure, of a molecule determines whether self-assembly
proceeds to give columnar or spherical tertiary structures, which have so far been considered
mutually exclusive.1j,1l Hence the assembly of supramolecular spheres into supramolecular
columns is not expected and was only recently reported. 27 Spherical objects such as gold
316

nanoparticles28 or C60 fullerenes29 have been embedded within supramolecular columns, but the
supramolecular structure is dictated in these cases by the conformation of dendrons jacketing the
spherical core. The supramolecular columns cannot be considered as an assembly of isolated
nanoparticles or fullerenes, but rather as spherical objects (nanoparticles or fullerenes) suspended
in an otherwise columnar assembly of dendrons.
Recently a supramolecular column assembled from supramolecular spherical objects was
proposed for a perylene bisimide (PBI) dendronized with two second generation self-assembling
benzyl ether dendrons, G2-PBI.27 G2-PBI organized into a 2D columnar hexagonal phase with
intracolumnar order (Φhio1) comprising supramolecular columns of stacked molecular crowns, a
body-centered cubic (BCC) phase comprising supramolecular spheres, and an intermediate
columnar phase between the Φhio1 and BCC phases. It was proposed that the supramolecular
columns of this intermediate columnar phase were constructed from supramolecular spheres as a
means of transitioning between the columnar and cubic phases,27a mediated by the flexibility of the
molecular crown-like conformation, and consistent with a proposed “pinching off” mechanism for
the column-to-sphere transition.30
Although transitions between columnar and cubic phases have been observed in multiple crownlike dendronized molecules, including cyclotriveratrylenes (CTV) 6a and triphenylenes (Tp),6b no
other column-from-spheres structure has been encountered. Crown-like CTV molecules generate
pyramidal columns,31 helical columns,6,32 and cubic phases self-organized from supramolecular
spheres.6a,32b Their periodic arrays exhibit supramolecular deracemization in the bulk state 6c via
crown inversion,33 and supramolecular orientational memory upon transition between columnar and
cubic phases.32b In contrast to CTV, cyclotetraveratrylene (CTTV) 34 has a much less rigid core
which can access multiple conformations, among which the crown is energetically unstable.34c
In this publication, a columnar phase in which supramolecular columns are constructed from
supramolecular spheres independently of the presence of a cubic phase is reported. A CTTV
derivative dendronized with eight chiral minidendrons, discovered by screening a library of
dendronized CTTV derivatives, self-assembles into supramolecular columns comprising stacked
disc-like molecules. Upon heating, a first order phase transition occurs to generate a distinct
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columnar phase in which molecules self-assemble into supramolecular spheres within the
supramolecular columns. Circular dichroism spectroscopy demonstrates that these supramolecular
spheres are chiral, and this chirality was exploited to monitor the column to column-from-spheres
transition. Notably, further heating does not provide a cubic phase, but instead results in an
isotropic melt. The column-from-spheres structure independent of subsequent transition to a 3D
phase generated from spheres represents a new mechanism for the self-organization of
supramolecular columns.

8.2

Results and Discussion

8.2.1

Synthesis of Cyclotetraveratrylene with Chiral Minidendrons, (S)-CTTV

(S)-(3,4)dm8*G1-CTTV (hereafter “(S)-CTTV”) was discovered by screening a library of CTTV
derivatives dendronized with a variety of chiral and achiral first and second generation dendrons
(not shown). The columns-from-spheres structure was observed only for (S)-CTTV. It is not known
why other dendronized CTTVs do not exhibit this structure. The chiral first generation minidendron
attached to (S)-CTTV was previously exploited in a CTV derivative which exhibited deracemization
of its homochiral columns in its crystalline bulk state. 6c The synthesis of (S)-CTTV is summarized
in Scheme 8.1.
Scheme 8.1. Synthesis of (S)-CTTVa,b

a

Reagents and conditions: (i) CF3COOH, CH2Cl2, 0 °C, 4 h; (ii) BBr3, CH2Cl2, reflux, 2 h; (iii) K2CO3,
DMF, 80 °C, 16 h. b Color code of (S)-CTTV: CTTV core, green; phenyl rings of dendrons, orange;
O atoms, red; other atoms, black.
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The CTTV core was prepared by cyclooligomerization35 of veratryl alcohol 1 in trifluoroacetic acid
and dichloromethane at 0 °C for 4 h. The choice of acid and concentration of reagents had been
previously optimized to favor the tetrameric product 2,35a which was isolated after recrystallization
from a mixture of chloroform and benzene (8:3 v/v) in 56% yield. Demethylation of 2 with boron
tribromide in dichloromethane at reflux for 2 h gave CTTV(OH) 8 334b in 83% yield after
recrystallization from aqueous ethanol. Williamson etherification of 3 with chiral minidendron 4,
which was prepared as reported previously,6a proceeded in 16 h at 80 °C in DMF with K2CO3 as
base. Purification by column chromatography and recrystallization from acetone gave analytically
pure (S)-CTTV in 53% isolated yield.
8.2.2

Thermal Analysis by Differential Scanning Calorimetry (DSC)

Figure 8.1. DSC traces of (S)-CTTV upon (top) first heating and cooling and (bottom) second
heating and cooling, at a rate of 10 °C/min. Phases determined in XRD (defined in main text),
transition temperatures (in °C), and associated enthalpy changes (in parentheses, in kcal/mol) are
indicated.
The thermal phase behavior of (S)-CTTV was analyzed by differential scanning calorimetry (DSC,
Figure 8.1). Phases indicated in Figure 8.1 were determined by X-ray diffraction (XRD) experiments
(Figure 8.2) to be discussed in detail later. The as-prepared sample of (S)-CTTV exhibits a 3D
crystalline columnar hexagonal phase (Φhk) at room temperature (23 °C). At 52 °C on first heating
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at 10 °C/min, the Φhk phase transitions into a 2D columnar hexagonal phase with intracolumnar
order (Φhio). This phase is stable until isotropization at 74 °C, above which an isotropic melt is
observed. Upon first cooling, the same sequence of phases is observed with moderate
supercooling: the Φhio and Φhk phases are re-formed at 61 and 34 °C, respectively. The lowenthalpy transitions at –16 and 25 °C upon first heating, and –17 °C upon first cooling, are
accompanied by small changes in the relative intensity of XRD peaks, corresponding to a limited
degree of crystallization of the aliphatic chains of (S)-CTTV on cooling and their melting on heating.
Subsequent heating and cooling cycles reproduce the thermal behavior observed upon first heating
and cooling. Structural analysis parameters are summarized in Table 8.1.

Figure 8.2. Equatorial plots of XRD intensity shown in WAXS patterns of (a) the Φhk phase in Figure
8.3b and (b) the Φhio phase in Figure 8.4b. Indexing and dhkl values are indicated.

Table 8.1. Structural Analysis of (S)-CTTV by XRD
T
Phase a
a, b, c (Å) b
t
ρ
μd
Dcol
d100, d110, d200, d210, d300 (Å) f
(°C)
(Å) c
(g/cm3)
(Å) e
15
Φhk
36.0, 36.0, 44.0
5.5
1.01 g
1.0
36.0
31.2, 18.0, 15.6,11.8, 10.4
io
60
Φh
34.4, 34.4, –
–
0.98 h
5.6
34.4 i
29.8, 17.2, 14.9, 11.3, 9.5
a Phase notation: Φ k – 3D crystalline columnar hexagonal phase; Φ io –2D liquid crystalline columnar
h
h
hexagonal phase with intracolumnar order. b Lattice parameters calculated using dhk0 = (√3a/2)·(h2 + k2 + hk)–
1/2. c Average column stratum thickness calculated from the meridional axis features of WAXS fiber patterns.
d Average number of dendrimers forming the supramolecular object calculated using μ = (N ·A·t·ρ)·(M )–1
A
wt
where NA = 6.022 × 1023 mol–1 = Avogadro’s number, A is the area of the column cross-section calculated
from the lattice parameters, and Mwt is the molecular weight (3709.8 g/mol). In the Φhk phase, μ defines the
number of dendrimers in a column stratum with thickness t. In the Φhio phase, μ defines the number of
dendrimers in a supramolecular sphere occupying a length of the column equal to the sphere diameter, i.e.
with thickness t = a. e Column diameter (Dcol = a). f Experimental d-spacings for the Φh phases. g Experimental
density measured at 23 °C. h Experimental density measured at 23 °C after quenching from 60 °C into liquid
N2, and calculated density (details in Appendix, Section A8.1). i Diameter of column = diameter of sphere.
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8.2.3

Supramolecular Columns Self-Organized from Conformationally Flexible Disc-Like

Molecules
XRD analysis of an oriented fiber of (S)-CTTV in the Φhk and Φhio phases, and accompanying
models generated via structural and retrostructural analysis, are shown in Figures 8.3 and 8.4.

Figure 8.3. XRD patterns and molecular models of the 3D crystalline columnar hexagonal (Φhk)
phase of (S)-CTTV generated from tilted crowns. (a, b) Experimental XRD patterns collected with
a sample-to-detector distance of (a) 0.54 m (IAXS) and (b) 0.07 m (WAXS). Temperature, phase,
lattice parameters, and fiber axis are indicated. (c) Azimuthal plot of tilt features in (b). (d–i)
Molecular models of the Φhk phase: (d) single molecule, side view; (e) supramolecular column, side
view, with alkyl chains omitted for clarity; (f, g) single molecule, top view; (h) supramolecular
column, top view; (i) unit cell, top view. Color code: O, red; C atoms of the CTTV core, green; C
atoms of phenyl rings, orange; C atoms of the peripheral alkyl chains, gray; H, white; dendron
phenyl rings shown as colored CPK representations in (e, g–i).
XRD measurements were taken at two sample-to-detector distances: 0.54 m (denoted
intermediate-angle X-ray scattering, IAXS) and 0.07 m (denoted wide-angle X-ray scattering,
WAXS), to examine different length scales in the supramolecular assemblies of (S)-CTTV. IAXS
data of the Φhk phase (Figure 8.3a) probes intercolumnar packing of supramolecular columns into
an array and are consistent with a hexagonal array with column diameter, Dcol (= a) of 36.0 Å (Table
1 and Figure 8.2). In contrast, WAXS provides information about the intracolumnar packing of
molecules (Figure 8.3b) and suggests that the stratum thickness within the supramolecular column
is 5.5 Å. This thickness can be combined with the experimental density (1.01 g/cm 3) to calculate
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the number of molecules per stratum of the column, µ = 1.01, i.e. a single molecule of (S)-CTTV
forms a complete disc within the supramolecular column. Tilt features in the WAXS pattern (Figure
8.3b, blue ellipses, and Figure 8.3c) indicate that the dendrons of (S)-CTTV are tilted by 30° with
respect to the column axis, consistent with a crown-like conformation of the molecule (Figure 8.3d).
The supramolecular column (Figure 8.3e) is thus composed of single molecules of (S)-CTTV with
tilted dendrons, stacked atop each other to give a supramolecular column that is helical (Figure
8.3e–h), as evidenced by CD to be discussed later. These columns self-organize in turn into a
columnar hexagonal array.
8.2.4

Supramolecular Columns Assembled from Supramolecular Spheres: The Column-

from-Spheres Model
Although the equatorial WAXS data of the Φhio phase (Figure 8.4b) are also consistent with a
columnar hexagonal array (Figure 8.2), there are substantial differences between the patterns of
the Φhio phase and those of the Φhk phase (Figure 8.3b). No tilt or meridional features are apparent,
and instead six features with low q values (i.e., close to the center) are observed. An azimuthal plot
(Figure 8.4d) of these features (labeled 1 to 6 in Figure 8.4a–c) suggests that they appear at ~60°
intervals, and that there are two distinct classes of feature: features 1 and 4 are sharp, intense,
equatorial peaks (q = 0.218 Å–1), whereas features 2, 3, 5, and 6 are broad, diffuse, off-axis maxima
(q = 0.221 Å–1). This pattern of features is consistent with the XRD data of the column-from-spheres
model proposed for the intermediate Φhio2 phase in a G2-PBI.27a An estimate of the correlation
length of the diffuse features in Figure 8.4a was calculated using the Scherrer equation (ξ ~
2π/FWHM, where FWHM = full-width at half-maximum) to be ~95 Å, that is, on the order of two or
three supramolecular spheres.
Taking the diameter of the supramolecular sphere to be equal to Dcol (34.4 Å) and the density of
the Φhio phase (0.98 g/cm 3) suggest that there are 6 molecules in the supramolecular sphere.
Measurement of density via the flotation method at higher temperature was unreliable due to
convection flow and thermal gradients at elevated temperature. Instead the density of the Φhio
phase was determined by two methods: by measuring at 23 °C the density of a fiber that was
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heated to 60 °C and subsequently quenched in liquid N2, and by calculation,37 accounting for the
thermal expansion of the aliphatic portion of (S)-CTTV (see Appendix, Section A8.1 for details).38
Both values provided a density of 0.98 g/cm 3, from which we calculate that there are 5.6, i.e. ~6,
molecules per supramolecular sphere. The disparity between 5.6 and 6 is accounted for by
experimental uncertainties in the determination of lattice parameters by XRD and density. A value
of 6 CTTV molecules per sphere is consistent with CTV (µ = 3.3–4.5, Dcol = 33.8–45.9 Å)6a and
triphenylene (µ = 5.0–8.4, Dcol = 40.1–67.3 Å)6b derivatives dendronized with first generation
dendrons previously reported to form supramolecular spheres.

Figure 8.4. XRD patterns and molecular models of the 2D liquid crystalline columnar hexagonal
phase with intracolumnar order (Φhio) of (S)-CTTV generated from supramolecular spheres. (a, b)
Experimental XRD patterns collected with a sample-to-detector distance of (a) 0.54 m (IAXS) and
(b) 0.07 m (WAXS). Temperature, phase, lattice parameters, and fiber axis are indicated. (c)
Numerical simulation of a hexagonal array of columns constructed from supramolecular spheres. 27a
(d) Azimuthal plot of features 1 to 6 in (a). (e–h) Molecular models of the Φhio phase: supramolecular
sphere, (e) top and (f) side view; (g) unit cell, top view; (h) supramolecular columns, side view.
Spheres are depicted as non-space-filling to aid visualization.36 Color code: O, red; N, blue; C
atoms of the CTTV core, green; C atoms of the peripheral alkyl chains, gray; H, white; dendron
phenyl rings shown as colored CPK representations.
A model of the supramolecular columns-from-spheres of (S)-CTTV with P6mm symmetry is
presented in Figure 8.4e to 8.4h. Note that in Figure 8.4h, the supramolecular spheres are depicted
as non-space-filling to aid visualization, analogous to typical depictions of other phases generated
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from spheres such as cubic phases.36 In practice, supramolecular spheres will be in contact such
that the peripheral alkyl chains form a continuous domain throughout the structure and there is no
space between spheres. Consistent with dendronized CTV6a and triphenylenes,6b the
supramolecular sphere is a supramolecular spherical assembly of (S)-CTTV constructed from a
short spherically distorted fragment of its helical supramolecular column. This fragment contains
on average 6 molecules, as determined by density calculations (Table 8.1), and exhibits chirality
dictated by the helical arrangement of molecules within the spherical helix assembly and evidenced
by circular dichroism (CD) spectroscopy to be discussed later.

Figure 8.5. Comparison of column-from-spheres models. (a) A body centered cubic (BCC) lattice
can be treated as a √3 × √3 hexagonal lattice comprising three types of columns in which
supramolecular spheres are displaced along the column axis by z = 0, z = c/3, and z = 2c/3,
respectively. (b) Unit cell of equivalent BCC lattice. (c) In the column-from-spheres model proposed
for the Фhio phase of (S)-CTTV, longitudinal disorder of the supramolecular spheres along the
column axis reduces the symmetry of the periodic array so that it is not equivalent to a BCC phase.
Spheres are depicted as non-space-filling to aid visualization.36
In the proposed model, supramolecular spherical objects are randomly rotationally disordered
within the supramolecular column, with spheres in adjacent columns longitudinally displaced along
the column axis by approximately z = 0, c/3, and 2c/3, respectively (Figures 8.4h and 8.5). A
numerical simulation of the diffraction of a column-from-spheres model was performed, in which
solid spheres are displaced along the columns of a columnar hexagonal array by exactly z = 0, c/3,
and 2c/3, respectively (Figure 8.4c).27a A columnar hexagonal array of supramolecular spheres with
exactly these displacements is equivalent to a BCC phase,27a where the body diagonal of the BCC
unit cell (=√3a) is equal to twice the diameter of the supramolecular sphere, Dsph. Hence a =
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(2/√3)Dsph, and therefore the Φhio phase with Dcol = 34.4 Å would be equivalent to a BCC phase
with a = 39.7 Å. The positions of diffraction features arising from this numerical simulation (Figure
8.4c) are consistent with the experimental data (Figure 8.4a), but the simulated pattern
overestimates the intensity and sharpness of features 2, 3, 5 and 6 as well as a meridional feature
at a higher q value. Disorder in the displacement of supramolecular spheres along the column axis
eliminates the cubic symmetry of the array, which is supported by the diffuse nature of features 2,
3, 5, and 6 (Figure 8.4a). The meridional feature in the numerical simulation (Figure 8.4c) is
manifested as a very diffuse region of diffraction on the meridian in the experimental pattern (Figure
8.4b). Hence the column-from-spheres model proposes supramolecular columns comprising
supramolecular spheres that are translationally disordered along the column axis and rotationally
disordered and is therefore most appropriately described as a Φhio phase. This assignment is
supported also by the observation of (hk0) peaks consistent with a hexagonal lattice (Figures 8.2
and 8.4b).

Figure 8.6. Experimental and simulated XRD patterns for hexagonal arrays of supramolecular
columns constructed from supramolecular spheres. (a) Experimental XRD pattern of the Φhio phase
of (S)-CTTV. (b, c) XRD patterns of the Φhio phase of (S)-CTTV simulated from (b) the molecular
model depicted in Figure 3e–h and (c) a columnar hexagonal array of solid spheres displaced along
the column axis.27a (d) Experimental XRD pattern of the Φhio2 phase of G2-PBI,27a in which
supramolecular columns are constructed from supramolecular spheres.
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The assignment of the Φhio phase as a columnar array in which supramolecular columns comprise
supramolecular spheres is supported by modeling and simulation (Figure 8.6). A simulation of the
XRD pattern expected from the molecular model presented in Figure 8.4e–h and described above
agrees well with the experimentally observed XRD pattern (compare Figure 8.6a, b), in terms of
both the positions of features and their relative intensities. Indeed, the weakest features at higher
q in the simulation (Figure 8.6b) are too weak to be observed experimentally (Figure 8.6a).
Additional simulation of a columnar hexagonal array of solid spheres longitudinally displaced along
the column axis (Figure 8.6c) also reproduces the experimentally observed positions of features
but provides only moderate agreement for relative intensities as the model neglects the anisotropic
distribution of electron density within the supramolecular sphere. The experimental XRD pattern of
the Φhio phase of (S)-CTTV (Figure 8.6a) shows substantial similarity to the experimental XRD
pattern of G2-PBI (Figure 8.6d),27a with two bright peaks at positions 1 and 4, and four diffuse
features at positions 2, 3, 5, and 6. The features of (S)-CTTV (Figure 8.6a) are located at higher q
values than those of G2-PBI (Figure 8.6d) due to the smaller size of its supramolecular columns
(Dcol,CTTV = 34.4 Å vs Dcol,PBI = 46.1 Å).
8.2.5

Alternative Models for the Structure of the Φhio Phase

An alternative model to explain the diffuse features in Figure 8.4a,b could invoke a columnar
arrangement of discs or pseudodiscs rather than a short range intercolumnar order of spherical
objects, to give undulating columns.39 However, undulating columns would be expected to give rise
to a relatively strong diffraction feature between 3.5 and 6.0 Å, corresponding to the distance
between column strata. This is absent from the experimental XRD of the Φhio phase (Figure 8.4b),
due to the formation of smaller helical stacks along the column axis, consistent with the formation
of supramolecular spherical objects which are rotationally disordered about the column axis. The
diffuse nature of the features at positions 2, 3, 5, and 6 (Figure 8.4a) supports short range intraand intercolumnar order, whereas higher intracolumnar order, and a concomitantly sharper
diffraction feature, would be expected within an array of undulating columns. Furthermore, the
diffuse features at positions 2, 3, 5, and 6 in the diffraction patterns of both (S)-CTTV and G2-PBI
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have q values almost identical to the sharp features at positions 1 and 4. This supports the
formation of distinct supramolecular spheres rather than undulated columns, which would give rise
to sharp off-axis features at positions 2, 3, 5, and 6, at higher q values.40
Another alternative explanation for the observation of an apparent column-from-spheres model is
coexistence of Φh and BCC phases, which would result from a slow transition between the two
phases.41 Diffraction features from both the Φh and BCC phases would be observed by XRD and
hence broad features 2, 3, 5, and 6 in Figure 8.6a would have to be attributed to the (110) features
of a BCC array. In this case, a similarly broad (11̄ 0) feature of the BCC phase would be expected
approximately at positions 1 and 4 in Figure 8.6a. However, these broad features are not observed
and instead only sharp diffraction peaks, consistent with the (100) peak of a Φh phase, are
observed. Furthermore, DSC demonstrates a large enthalpy transition between the Φhk and Φhio
phases (Figure 8.1), indicative of a distinct phase transition rather than a broad range of
coexistence. During this transition, the benzyl ether dendrons attached to the CTTV core exhibit
increased thermal motion. The curvature of the dendrons increases, driving crown-crown inversion.
This inversion generates crowns and inverted crowns (Figure 8.4f) rather than all crowns within a
column pointing in the same direction (Figure 8.3d) and drives the formation of supramolecular
spheres.
In summary, DSC, XRD, molecular modeling, and simulation of XRD favor a columns-from-spheres
model rather than alternative explanations such as an array of undulated columns or coexistence
of Φh and BCC phases. Attempts to visualize the spheres within the columns-from-spheres via
atomic force microscopy (AFM) have not yet succeeded, as discriminating the boundaries of
individual spheres is approaching the limit of the resolution of AFM and other real space imaging
techniques such as transmission electron microscopy.15a
8.2.6

Propagation of Supramolecular Chirality from Columns to Columns-from-Spheres

Chiral supramolecular structures arise from the self-assembly of both chiral and achiral building
blocks.42 The self-assembly of a chiral building block generates a homochiral supramolecular
assembly by selecting the handedness of an already chiral structure, 6,10,11,43,44 and thus it was
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expected that self-assembly of homochiral (S)-CTTV would generate homochiral supramolecular
columns. The proposed column-from-spheres model of (S)-CTTV describes the supramolecular
sphere as a short, spherically distorted fragment of the supramolecular column (Figure 8.4),
consistent with previous studies on supramolecular spheres from CTV and triphenylene. 6 In those
studies, the helical structure of the supramolecular sphere was confirmed by circular dichroism
(CD) spectroscopy.

Figure 8.7. Temperature dependence of the CD spectrum of a spin-coated film of (S)-CTTV cast
from CHCl3 (2% w/v) measured upon (a) heating and (b) cooling. Rate: 0.5 °C/min. Phases and
transition temperatures determined by XRD and DSC are indicated. Spectra recorded at different
temperatures are vertically shifted for clarity.
Hence a spin-coated film of (S)-CTTV was monitored using CD as a function of temperature to
ascertain how phase transitions affect the homochiral assembly of (S)-CTTV (Figure 8.7). There
are three distinct regimes identifiable by CD upon heating (Figure 8.7a). In the Φhk phase, the longrange helical order in the supramolecular column provides the strongest CD signal, with two
discernible features at 243 and 289 nm. Upon heating above the Φhk-to-Φhio phase transition
(52 °C), the feature at 243 nm disappears, and only the CD feature at 289 nm remains. Cooling the
film reproduces the same sequence of CD spectra (Figure 8.7b), although the feature at ~240 nm
at 25 °C has negative ellipticity. This difference may arise because the Φhk phase measured upon
heating is the as-prepared sample, whereas the Φhk phase measured upon cooling is generated
by slow cooling from the isotropic phase. This is indicative of a shorter range helical order, as would
be expected from distinct supramolecular spheres comprising only 6 molecules in a continuous
molecular stack. Further heating reduces the intensity of the feature at 289 nm until, in the isotropic
melt (above 74 °C), no CD features are observed. These data support extended helical order in the
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columnar Φhk phase, and a disruption to the extent of that helical order in the column-from-spheres
Φhio phase. The presence of a CD signal in the Φhio phase suggests lower range helical order, as
expected from the relatively short molecular stacks which constitute the supramolecular spheres,
but evidences that there must be some helical order present in the Φhio phase. Therefore, the
evolution of the CD of (S)-CTTV as a function of temperature is consistent with a column-fromspheres model in the Φhio array of (S)-CTTV.

8.3

Conclusions

The structural and retrostructural analysis of a dendronized cyclotetraveratrylene derivative, (S)CTTV, has uncovered a columnar array in which supramolecular columns are constructed from
supramolecular spheres. This structure represents a new mechanism to self-organize
supramolecular columns that complements and expands upon existing frameworks for the
assembly of soft matter.45 Whereas this column-from-spheres model had been previously invoked
for an intermediate phase between a columnar phase comprising stacked crowns and a bodycentered cubic (BCC) phase comprising supramolecular spheres, 27 the column-from-spheres
structure observed for (S)-CTTV exists as a standalone phase without subsequent transition to a
cubic array. The lack of a cubic phase is consistent with the self-assembly of a CTV dendronized
with the same minidendron,6a,6c which also assembled into only columnar phases. However, it
remains to be clarified why (S)-CTTV forms this intermediate column-from-spheres structure yet is
unable to transition to a 3D phase generated from supramolecular spheres.
The supramolecular chirality of (S)-CTTV in the columnar Φhk phase was maintained in the columnfrom-spheres Φhio phase, albeit with lower magnitude as expected from the shorter correlation
length of helical molecular stacks. This result reinforces previous observations that supramolecular
spheres assembled from crown- and disc-like molecules are chiral.6,44 Previous work has also
shown that spheres assembled from conical molecules are chiral,11,46 though this has yet to be
generalized.
The column-from-spheres phase previously observed as an intermediate phase between a
columnar and a BCC phase was implicated in the mechanism of supramolecular orientational
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memory (SOM),27b a phenomenon that results in reorientation of columnar domains during heating
to and cooling from a cubic phase of supramolecular spheres. 27b,32b The demonstration here that
spheres in the column-from-spheres model are chiral raises the question of how chirality is
propagated and transferred during supramolecular orientational memory. 27b,32b This question, and
the generality of columnar arrays constructed from supramolecular spheres in soft matter, are
under investigation.

8.4

Experimental Section

8.4.1

Materials

3,4-Dihydroxybenzoic acid (98%), 3,4-dimethoxybenzyl alcohol (96%), (S)-(+)-citronellyl bromide
(95%), thionyl chloride (99.5%), LiAlH4 (95%), trifluoroacetic acid (99%), boron tribromide,
anhydrous K2CO3, aluminum oxide (activated, basic, Brockmann I, standard grade, 150 mesh, 58
Å) (all from Aldrich), and silica gel (60 Å, 32-63 m) (Sorbent Technology) were used as received.
Dichloromethane (Fisher, ACS reagent grade) was refluxed over CaH 2 and freshly distilled before
use. THF (Fisher, ACS reagent grade) was refluxed over sodium/benzophenone until the solution
turned purple and distilled before use. All other chemicals were commercially available and were
used as received.
8.4.2

Techniques

NMR. 1H NMR (500 MHz) and

13C

NMR (125 MHz) spectra were recorded on a Bruker DRX 500

instrument at 300 K using the indicated solvent.
HPLC. The purity of the products was determined by a combination of thin-layer chromatography
(TLC) on silica gel coated aluminum plates (with F254 indicator; layer thickness, 200 m; particle
size, 2-25 m; pore size 60Å, SIGMA-Aldrich) and high pressure liquid chromatography (HPLC)
using THF as mobile phase at 1 mL/min, on a Shimadzu LC-10AT high pressure liquid
chromatograph equipped with a Perkin Elmer LC-100 oven (40 °C), containing two Perkin-Elmer
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PL gel columns of 5 × 102 and 1 × 104 Å, a Shimadzu SPD-10A UV detector ( = 254 nm), a
Shimadzu RID-10A RI-detector, and a PE Nelson Analytical 900 Series integrator data station.
Differential scanning calorimetry (DSC). Thermal transitions were determined on a TA Instruments
Q100 differential scanning calorimeter (DSC) equipped with a refrigerated cooling system with 10
°C min-1 heating and cooling rates. Indium was used as calibration standard. The transition
temperatures were calculated as the maxima and minima of their endothermic and exothermic
peaks.

An Olympus BX51 optical microscope (100× magnification) equipped with a Mettler

FP82HT hot stage and a Mettler Toledo FP90 Central Processor was used to verify thermal
transitions. Melting points were measured using a uni-melt capillary melting point apparatus (Arthur
H. Thomas Company) and were uncorrected.
Density measurements. A small extruded fiber (~0.8 mg) was placed in a vial filled with water. The
sample sank to the bottom of the vial due to its high density compared with water. A saturated
aqueous solution of sodium chloride was then added into the solution at ~0.1 g per aliquot to
gradually increase the solution density. Sodium chloride solution was added at an interval of at
least 20 min to ensure equilibrium within the solution. When the sample was suspended in the
middle of the solution, the density of the sample was identical to that of the solution, which was
measured by a 10 mL volumetric flask.
Matrix-assisted laser desorption/ionization time of flight (MALDI-TOF) mass spectrometry. MALDITOF mass spectrometry was performed on PerSeptive Biosystems-Voyager-DE (Framingham,
MA) mass spectrometer equipped with a nitrogen laser (337 m) and operating in linear mode.
Internal calibration was performed using Angiotensin II, and Bombesin as standards. The analytical
samples were obtained by mixing THF solution of the sample (5–10 mg/mL), and the matrix (3,5dihydroxybenzoic acid) (10 mg/mL) in a 1:1 to 1:5 v/v ratio. The prepared solution (0.5 L) was
loaded on the MALDI plate and allowed to dry at 25 oC before the plate was inserted into the
vacuum chamber of the MALDI instrument. The laser steps, and voltages were adjusted depending
on the molecular weight, and the nature of each analyte.
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Circular dichroism (CD) spectroscopy. Circular dichroism (CD) and UV spectroscopy
measurements were carried out in a Jasco J-720 Spectropolarimeter integrated with Thermo
Neslab RTE-111 refrigerated circulator digital temperature controller. Thin films for CD experiments
were spun-coated onto a round quartz plate (22 mm diameter) at 2500 rpm for 6 s and 7000 rpm
for 30 s, using a Chemat Technology Spin Coater KW-4A.
X-ray diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics, and triple pinhole
collimation were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a BrukerAXS Hi-Star multiwire area detector. To minimize attenuation, and background scattering, an
integral vacuum was maintained along the length of the flight tube, and within the sample chamber.
Samples were held in glass capillaries (1.0 mm in diameter), mounted in a temperature-controlled
oven (temperature precision: ± 0.1 °C, temperature range from –10 °C to 210 °C). Aligned samples
for fiber XRD experiments were prepared using a custom-made extrusion device.47 The powdered
sample (~10 mg) was heated inside the extrusion device. After slow cooling, the fiber was extruded
in the liquid crystal phase, and cooled to 23 °C. Typically, the aligned samples have a thickness of
0.3–0.7 mm, and a length of 3–7 mm. All XRD measurements were done with the aligned sample
axis perpendicular to the beam direction. Primary XRD analysis was performed using Datasqueeze
(version 3.0.5).48
Molecular Modeling. Molecular modeling, and simulation experiments were performed using
Material Studio Modeling (version 5) software from Accelrys. The Forcite module was used to
perform the energy minimizations on the supramolecular structures. Details were reported
previously.11a
8.4.3

Synthesis

2,3,7,8,12,13,17,18-Octamethoxy-5,10,15,20-tetrahydrotetrabenzo[a,d,g,j]-cyclododecatetraene,
or cyclotetraveratrylene (CTTV), was synthesized according to a modified literature procedure.35a
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The synthesis and characterization of the dendritic chloride (S)-(3,4)dm8*G1-CH2Cl (4) was
described previously.6c

2,3,7,8,12,13,17,18-Octamethoxy-5,10,15,20-tetrahydrotetrabenzo[a,d,g,j]cyclododecatetraene, cyclotetraveratrylene (CTTV, 2).35a Into an ice-cooled solution of
CF3COOH (25 mL, 0.32 mol) in CH2Cl2 (200 mL) was added dropwise a solution of 3,4-dimethoxy
benzyl alcohol (veratryl alcohol) (1) (5.0 g, 0.03 mol) in CH 2Cl2 (20 mL). The resulting purple
solution was stirred at 0 °C for 4 h after which it was neutralized by NaOH solution (10 M aq.). The
two layers were separated, and the slightly yellowish organic layer was concentrated in vacuo. The
resulting solid was collected by vacuum filtration and washed with H 2O and cold acetone (twice).
The crude solid was recrystallized from CH 3Cl/benzene (8:3 v/v, 110 mL) to yield 2.50 g (56%) of
pure white powder.
m.p.: 319-321 °C (decompose); TLC (CH2Cl2/MeOH = 9/1): Rf = 0.73; 1H NMR (500 MHz, CDCl3,
300 K, TMS):  (ppm) = 3.72–3.78 (bs, 32 H, ArCH2Ar and OCH3), 6.58 (s, 8H, Ar-H);

13C

NMR

(125 MHz, CDCl3, 300 K, TMS):  (ppm) = 35.1, 56.2, 111.4, 115.1, 131.8, 147.5.

2,3,7,8,12,13,17,18-Octahydroxy-5,10,15,20tetrahydrotetrabenzo[a,d,g,j]cyclododecatetraene (CTTV(OH)8, 3).34b Into a stirred solution of
CTTV (2) (1.80 g, 3.0 mmol) in dry CH2Cl2 (40 mL) at 0 °C, BBr3 (2.9 mL, 30 mmol in 30 mL of dry
CH2Cl2) was added dropwise under nitrogen. The slightly purple reaction mixture was stirred at
0 °C for 15 min, at RT for 10 min, and then refluxed for 2 h. The reaction mixture was cooled to RT
and quenched by slow addition of H2O (20–25 mL). The resulting white slurry was filtered and
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washed with H2O and cold acetone. The crude wet solid was recrystallized from aqueous EtOH
(H2O:EtOH = 4:1, 200 mL) to yield 1.26 g (86%) of slightly brownish prism-like crystals.
m.p.: >355 °C (decompose); 1H NMR (500 MHz, DMSO-d6, 300 K, TMS):  (ppm) = 3.35 (s, 8H,
ArCH2Ar), 6.42 (s, 8H, Ar-H), 8.52 (s, 8H, OH).

(S)-(3,4)dm8*G1-CTTV ((S)-CTTV, 5). To a thoroughly degassed suspension of anhydrous K 2CO3
(564 mg, 4.0 mmol) in DMF (25 mL) was added CTTV(OH)8 (3) (167 mg, 0.34 mmol) and the
resulting mixture was heated to 80 °C with continuous degassing. At 50 °C was then added (S)(3,4)dm8*G1-CH2Cl (4) (1.19 g, 2.7 mmol) and the reaction was stirred at 80 °C under N2 for 16 h.
The reaction mixture was cooled to room temperature and poured into ice-cold water. The
precipitate was collected by vacuum filtration and the wet solid was passed through a short column
of basic alumina using CH2Cl2 as eluent. The crude product was then purified by column
chromatography (SiO2, CH2Cl2/MeOH (99:1 v/v)) and recrystallization (acetone) followed by
precipitation from CH2Cl2 solution into MeOH to yield 0.67 g (53%) of white solid.
HPLC: 99+%; 1H NMR (500 MHz, CDCl3, 300 K, TMS):  (ppm) = 0.89 (overlapped d, 96H, (CH3)2),
0.93 (d, 48H, CH3, J = 6.5 Hz), 1.13 (m, 48H), 1.26-1.32 (m, 48H), 1.52 (m, 32H, OCH2CH2), 1.66
(m, 16H, (CH3)2CH), 1.82 (m, 16H, CH3CH), 3.07 (s, 4H, ArCH2Ar), 3.59 (s, 4H, ArCH2Ar), 3.95
(overlapped t, 32H, CH2OAr), 5.11 (bd, 16H, ArCH2O), 6.78 (overlapped m, 32H, ArH);

13C

NMR

(125 MHz, CDCl3, 300 K, TMS):  (ppm) = 19.8, 22.8, 22.9, 24.9, 28.1, 30.1, 36.5, 37.6, 39.4, 67.6,
67.8, 113.4, 113.6, 118.0, 120.4, 130.3, 148.4, 149.1, 149.4; MALDI-TOF m/z 3730.68 ([M+Na]+,
calculated for [C242H392O24Na]+ = 3729.94).
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APPENDIX TO CHAPTER 8
A8.1

Determination of Density at Above-Ambient Temperature

The flotation method used to determine the density of the fiber in the Φhk phase at room
temperature (see Section 8.4.2) is inaccurate at higher temperature due to the introduction of
convection flow within the measurement solution and thermal equilibria between the measurement
solution and the environment. Two alternative methods for determining the density of the Φhio
phase at 60 °C were used: a quenching experiment and a calculation based on the thermal
expansion of aliphatic chains.
Quenching experiment. A fiber in a glass capillary was heated to 60 °C to generate the Φhio phase
and the temperature was maintained for 20 min. The capillary was then plunged into liquid nitrogen
to quench the Φhio phase and held in liquid nitrogen for 2 min. The capillary was removed from the
liquid nitrogen and immediately broken to retrieve the fiber. The density of the fiber was determined
at room temperature by the flotation method described in the Section 8.4.2 and found to be
0.98 g/cm3.
Calculation using thermal expansion of aliphatic chains. An estimate of the density was obtained
by following a previously reported procedure.37 (S)-CTTV was divided into a rigid aromatic region
comprising the CTTV core and the phenyl rings of the dendrons and a flexible aliphatic region
comprising the dimethyloctyloxy- chains on the periphery of the molecule. The volume fractions of
the aromatic region (𝑣𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐 = 0.218) and aliphatic region (𝑣𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 = 0.782) of the Φhio phase
were determined from the molecular model (Figure 8.4), and their mass fractions were determined
using ChemDraw (𝑚𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐 = 0.325, 𝑚𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐 = 0.675). Given the density of the sample at 23 °C
(𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒,23°𝐶 = 1.01 g/cm3), the densities of the aromatic and aliphatic regions were calculated
according to equation (1):
𝜌𝑖,23 °𝐶 =

𝜌𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒,23°𝐶 𝑚𝑖
𝑣𝑖

(1)

where i denotes the aromatic or aliphatic region. The specific volume of each component at 23 °C,
𝑠𝑖,23°𝐶 , was calculated according to equation (2):
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𝑠𝑖,23°𝐶 =

1
𝜌𝑖,23 °𝐶

(2)

It was assumed that the rigid aromatic region does not expand with temperature,37 while the flexible
aliphatic region does expand, dictated by a thermal expansion coefficient, 𝛼, as determined by
Orwoll and Flory.38 𝛼 was not determined for dimethyloctyl and hence values of 𝛼 for C8H17 were
used as a closest approximation. 𝛼 is temperature dependent and so the average of the values of
𝛼 at 20 °C and 60 °C was used in the calculation. The relative volume expansion, ∆𝑉, was
determined by equation (3):
∆𝑉 = 1 + 𝛼(∆𝑇)

(3)

where ∆𝑇 is the difference in temperature between the desired density temperature (60 °C) and the
measured density temperature (23 °C). Hence the specific volume of the aliphatic portion of the
molecule at 60 °C is given by:
𝑠𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐,60°𝐶 = 𝑠𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐,23°𝐶 ∆𝑉

(4)

The specific volume of the entire molecule is calculated by combining the specific volumes of the
aromatic and aliphatic regions, weighted by the mass ratio, according to equation (5):
𝑠𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒,60°𝐶 = 𝑠𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐,60°𝐶 𝑚𝑎𝑟𝑜𝑚𝑎𝑡𝑖𝑐 + 𝑠𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐,60°𝐶 𝑚𝑎𝑙𝑖𝑝ℎ𝑎𝑡𝑖𝑐

(5)

Finally, using equation (2), the density of (S)-CTTV at 60 °C was determined to be 0.98 g/cm 3.
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CHAPTER 9
Complex Arrangement of Orthogonal Nanoscale Columns via a Supramolecular
Orientational Memory Effect
(Adapted with permission from Peterca, M.; Imam, M. R.; Hudson, S. D.; Partridge, B. E.; Sahoo,
D.; Heiney, P. A.; Klein, M. L.; Percec, V. ACS Nano 2016, 10, 10480–10488. Copyright 2016,
American Chemical Society)

9.1

Introduction

Memory effects, in science and in society at large, allow “a past event [to be] inferred from a present
state”.1 Ölander discovered shape memory in AuCd alloys in 1932.2 Since then shape memory has
been observed in other alloys, in ceramics and in metals such as titanium. 3–6 Recently memory
effects have been transplanted from hard to soft materials. Shape-memory polymers,7–9 which
adopt different macroscopic shapes in response to an external stimulus, have been designed for
use as self-tying sutures10 and for other biomedical applications.11 Chiral memory refers to the
preservation of induced chirality after removal of a chiral inducer,12–14 whereas orientational
memory in nematic liquid crystals15 has been employed to develop liquid crystal displays. 16,17
Additional memory effects are expected to provide new complex architectures with novel functions
and applications.
Libraries of self-assembling dendrons and dendrimers have been utilized to discover a variety of
nanoscale periodic and quasiperiodic arrays self-organized from supramolecular spheres, including
Pm3̄n cubic,18–20 Im3̄m body-centered cubic,21 P42/mnm tetragonal22 and 12-fold liquid
quasicrystalline (LQC).23 These assemblies were recently generalized for self-organized soft
condensed matter including block copolymers and surfactants 24–30 and have been studied
computationally.31–36 In this report the supramolecular columns generated from a self-assembling
cyclotriveratrylene-crown (CTV)37–39 were discovered to display an unprecedented supramolecular
orientational memory effect at the transition between columnar hexagonal with intracolumnar order
(Φhio, P6mm) and cubic (Pm3̄n) phases. A complex arrangement of orthogonal supramolecular
columns, whose orientations are preserved from the cubic phase upon cooling to the columnar
hexagonal phase, was observed. This new architecture cannot be constructed by any other
methodology except the supramolecular orientational memory introduced here.
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9.2

Results and Discussion

9.2.1

Thermal, Structural and Retrostructural Analysis by Differential Scanning

Calorimetry (DSC) and X-Ray Diffraction (XRD)
The (3,4,5)12G1-CTV dendrimer employed (Figure 9.1A) self-organizes into hexagonal and cubic
phases.37 This organization was enabled by the crown conformation of CTV (Figure 9.1A), which
facilitates packing of the molecules into supramolecular columns and spheres. Thermal and
structural analysis by differential scanning calorimetry (DSC) and X-ray diffraction (XRD) on powder
and oriented fibers revealed the formation of a columnar hexagonal crystal (Φ hk) below 18 °C which
transforms into a 2D Φhio (P6mm) array at 18 °C during first heating and to a cubic (Pm3̄n) lattice
above 69 °C (Figure 9.1B–E). Upon cooling at 1 °C/min, the cubic phase is observed below 56 °C,
followed by Φhio at 30 °C and Φhk at –12 °C. Faster cooling requires annealing at 25 °C to replicate
the phase behavior observed upon initial heating.

Figure 9.1. (A) Molecular structure of (3,4,5)12G1-CTV. (B) Schematic representation of columnar
hexagonal with intracolumnar order, Φhio (P6mm) and cubic (Pm3̄n) periodic arrays. In the cubic
unit cell, flattened disk-like units represent tetrahedrally distorted supramolecular spheres. (C) DSC
traces of (top) first heating and cooling at 10 °C/min and (bottom) heating at 5 °C/min after
annealing at 25 °C for 28 days. (D) Small angle powder XRD plots measured at indicated
temperature and phase. (E) Selected wide angle XRD plots of the (top) cubic (Pm3̄n) and (bottom)
Φhio (P6mm) phases. Vertical lines indicate calculated diffraction peak positions.
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9.2.2

Orientational Relationship Observed in XRD Patterns of Oriented Fibers

XRD measurements were made on extruded fibers of (3,4,5)12G1-CTV assemblies (Figure 9.3).
Extrusion of the fiber in Φhio preferentially aligns the supramolecular columns along the fiber axis,
which is the (001)hex direction (Figure 9.1B).38 Unexpectedly an orientational relationship (Figure
9.2) was observed, first upon heating from the Φ hio to the cubic (Pm3̄n) phase and subsequently
upon cooling from the cubic to the Φ hio phase (compare Figure 9.3A, left and right panels). Such
orientational relationships may also be termed “epitaxy” or “epitaxial relationships” to indicate the
preservation of certain crystallographic directions upon the indicated phase transition. 40–44

Figure 9.2. Comparison of orientational relationships observed in (A) previously reported Ia3̄d and
Pm3̄n cubic phases with (B) the current Pm3̄n cubic phase.
During a first order transition between different phases, the new phase often grows from “seeds”
within the previous phase, in which case there is no reason for any orientational relationship
between the two phases. If such a relationship does exist, one would expect that it would either
preserve local structural units or some symmetry feature of the two lattices. In the present case
Φhio consists of columns dominated by π–π interactions between aromatic units which are
orthogonal to the column axes,37 while the cubic (Pm3̄n) phase comprises eight supramolecular
spheres (Figures 9.1B and 9.2).18,19 Columnar hexagonal phases have a single axis with six-fold
rotational symmetry, while cubic Pm3̄n lattices have multiple four-fold axes of rotation, and four
(111)cub axes with three-fold symmetry along the body diagonals of the cube (Figures 9.1B and
9.2). One potential orientational relationship would preserve an axis of three-fold rotational
symmetry, via alignment of one of the four (111)cub cubic axes (Figure 9.2) with the columnar
(001)hex axis (Figures 9.1B and 9.2). This particular orientational relationship has been observed in
lipids40–42 and mixtures of block copolymers43 forming a bicontinuous Ia3̄d cubic phase, and in
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lipids44 and supramolecular dendrimers45 forming a Pm3̄n cubic phase. However, no mechanism
of this process has been proposed.
An alternative epitaxial relationship would preserve local structural units insofar as possible so that,
upon transformation of the cubic phase to the hexagonal phase, adjacent tetrahedrally distorted
supramolecular spheres along one of the three (200) cub directions merge to form columns aligned
along the (200)cub direction. To our knowledge, this relationship has not been observed in any
system to date. Small-angle X-ray scattering (SAXS) oriented fiber measurements (Figure 9.3A, C)
demonstrate that this latter path is obtained in assemblies of (3,4,5)12G1-CTV. Upon heating, the
original orientation of the column axis ((001)hex) becomes the orientation of nearest-neighbor
spheres in the cubic (Pm3̄n) phase ((200)cub), and upon cooling, supramolecular columns in the
Φhio phase orient in the direction defined by nearest-neighbor spheres at the face positions of the
cubic unit cell, that is, along the (200)cub, (020)cub and (002)cub directions (Figure 9.1B). Hence the
orientation of the nearest-neighbor spheres in the cubic phase can be inferred from the orthogonal
orientation of the supramolecular columns of the Φ hio phase. This represents the first example of
(001)hex to (200)cub epitaxy (Figure 9.2) in a structure organized from a single self-assembling
building block.
Wide-angle X-ray scattering (WAXS) fiber and powder experiments (Figure 9.3B, D, E) provide
additional information on the structures self-organized from (3,4,5)12G1-CTV in the Φhio and cubic
(Pm3̄n) phases. A strong 3.9 Å feature associated with π–π stacking correlations between
dendrons in Φhio is observed both in the original oriented fiber and in a cycled fiber, which was
heated to 80°C and cooled to 25 °C four times (Figure 9.3B, E). Due to the three-dimensional
orthogonal reorientation of the columns, in the cycled fiber the 3.9 Å π–π stacking features appear
in the equatorial position, as well as in the meridional position. This supports the hypothesis that
the supramolecular orientational memory of the hexagonal-to-cubic phase transition is mainly
dictated by the strong core-core aromatic interactions which preserve local packing. Core stacking
features at 4.9 Å and diffuse off-meridional helical features were identified in the XRD pattern of
the original oriented fiber (Figure 9.3B). This stacking value was used to calculate a density of one
molecule per 4.9 Å column stratum in the Φhio array (Table 9.1). Tilt features in the original oriented
347

fiber and cycled fiber indicate that the alkyl chains of (3,4,5)12G1-CTV are tilted down from the
molecular stratum by 26°, in agreement with the expected tilt value of the CTV (Figure 9.3B, D,
F).37,39 These alkyl chains are melted in the high temperature cubic (Pm3̄n) phase, as indicated by
the presence of a broad peak at the 4.5 Å average alkyl chain correlation length (Figure 9.3E).

Figure 9.3. (A) SAXS and (B) WAXS patterns of (3,4,5)12G1-CTV. (C) and (D) Azimuthal plots of
the patterns in (A) at q10 and q200, and (B) at q = 1.4 Å–1, respectively. (E) Meridional q plots of the
patterns in (B). (F) Molecular model of (left) a (3,4,5)12G1-CTV molecule and (right) a
supramolecular column self-assembled from (3,4,5)12G1-CTV. Molecular models of the
supramolecular sphere are presented in Figure 9.4D, E.
These structural results demonstrate that the cycled structure recovers the Φ hio phase but oriented
in multiple orthogonal directions. The (001) hex axis of the original Φhio phase establishes one of
three (200)cub directions such that the other (200)cub directions are orthogonally distributed randomly
about that axis. Each (200) cub direction then establishes a (001)hex direction in the re-formed Φhio
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phase to produce columnar hexagonal domains aligned along all of the former (200) cub directions.
The cycled fiber orientation was investigated in both the Φ hio (fibers monitored at 23 °C over several
months) and the Pm3̄n phase (fiber monitored for 3 h at 85 °C) and the preferred orthogonal
orientation was found stable in time. The data reported in Figure 9.3 were repeated with different
batches of fibers in which the cycling between phases was repeated six times. These fibers were
re-measured three months later to confirm the stability of the preferred orientation.
Table 9.1. Structural and Retrostructural Analysis of (3,4,5)12G1-CTV
T
phase a
d10, d11, d20 b
A10, A11, A20 d
af
(°C)
d200, d210, d211 c
A200, A210, A211 e
(Å)
62
80

Φhio
Pm3̄n

34.9, 20.2, 17.5 b
35.9, 32.1, 29.4 c

79.1, 1.05, 12.7 d
24.2, 30.6, 26.4 e

40.8
72.3

ρg
(g/cm3)

μh

0.96
0.96

0.99
6.56

Φhio – columnar hexagonal phase with intracolumnar long range order, Pm3̄n – cubic phase; b dhk – d-spacing
of the (hk0) reflection of Φhio; c dhkl – d-spacing of the (hkl) reflection of Pm3̄n; d Ahk – scaled Lorentz-corrected
amplitude of the (hk0) reflection of Φhio calculated from the diffraction peak area and corrected for multiplicity;
e A – scaled Lorentz-corrected amplitude of the (hkl) reflection of Pm3̄n calculated from the diffraction peak
hk
area and corrected for multiplicity; f a – lattice parameter calculated for Φhio using a = (2/3√3)(d10 + √3d11 +
2d20), and for Pm3̄n using a = (1/3)(2d200 + √5d210 + √6d211); g ρ – experimental density measured at 20 °C; h
μ – for Φhio the average number of dendrimers per column stratum calculated using µ = (√3NAa2tρ)/2M where
t = 4.94 Å is the average column strata thickness, and for Pm3̄n the average number of dendrimers per
supramolecular sphere calculated using µ = (a3ρNA)/8M; in both cases, NA = Avogadro’s number = 6.022 ×
1023 mol–1, and M = molecular weight of the dendrimer = 4224.9 g/mol.
a

9.2.3

Molecular Model of (3,4,5)12G1-CTV

The model for (3,4,5)12G1-CTV packing in columns based on SAXS and WAXS powder and
oriented fiber data is shown in Figure 9.3F. Tilt features in oriented XRD patterns (Figure 9.3B, D)
suggest an angle of 26°, consistent with the crown conformation of the CTV (Figure 9.3F). This
intramolecular tilt facilitates stronger interaction between the outer aromatic regions of adjacent
molecules (denoted by the 3.9 Å π–π stacking feature in Figure 9.3B, E) than between the relatively
large CTV of adjacent molecules (denoted by the 4.9 Å separation feature in Figure 9.3B, E). The
helical features at 14.8 Å (Figure 9.3B), taken with the 4.9 Å separation distance, imply that there
are three molecules per repeating unit of the helical column (Figure 9.3F). Due to the three-fold
axis of rotational symmetry in (3,4,5)12G1-CTV, this suggests that molecules are rotated by 40°
with respect to their neighbor in the column.
The Φhio phase comprises cofacially stacked (3,4,5)12G1-CTV which maximize aromatic π–π
interactions, while the Pm3̄n phase contains eight supramolecular spheres whose assembly is
driven by phase segregation of high electron density aromatic regions and low electron density
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melted aliphatic domains. This phase segregation is demonstrated by Figure 9.4A, B, which
compares the reconstructed electron density map of the hexagonal Φ hio phase with the volumetric
representation of the electron density of the Pm3̄n phase based on the powder XRD data from
Figure 9.1D.

Figure 9.4. (A, B) Electron density maps of the (A) Φhio and (B) cubic (Pm3̄n) phases reconstructed
from XRD data. The top of the figure illustrates the pseudohexagonal symmetry adopted during the
phase transition. In (B) the three colored arrows point toward the three orthogonal directions with
pseudohexagonal symmetry. (C) Schematic representation of face (blue) and center (yellow)
tetrahedrally distorted spheres of the Pm3̄n lattice. (D, E) Possible mechanisms of transformation
from the supramolecular column (D) to spheres with columnar character in the faces of the cubic
phase (E). For simplicity in (D, E) alkyl chains are not shown. Color code: H atoms–white; O atoms–
red; C atoms of the dendron aromatic benzyl–green, dark or light blue; all other C atoms–gray.
9.2.4

Mechanism

of

Supramolecular

Orientational

Memory

and

Structure

of

Supramolecular Spheres
The mechanism of the cubic-hexagonal supramolecular orientational memory can be understood
by examining the structure of the two phases (Figure 9.5). The tetrahedrally distorted spheres from
the faces of the Pm3̄n lattice18,20 exhibit columnar character along the three (200) cub directions,18–
20

(see orange, red, and blue in Figure 9.5B). These tetrahedrally distorted spheres 18,20 form

pseudohexagonal structures deformed by less than 6% from true hexagonal symmetry (Figure
9.4A, B). If the path for the orientational memory had been (001) hex to (111)cub, as will be reported
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for other cases, rather than (001) hex to (200)cub as reported here (Figures 9.1B and 9.2), face
spheres (Figure 9.5A, yellow) would require a large translation to integrate into the hexagonal
columns. This process would involve substantial disruption to the strong aromatic core interactions.
Instead, the tetrahedrally distorted face spheres merge along the (200)cub direction dictated by their
continuous columnar character into supramolecular columns) (Figure 9.5C, path A), which shift
slightly to form hexagonal symmetry (Figure 9.5B). In the reverse process, formation of the corner
spheres requires only a short translation, while formation of the face spheres requires local
reorientations of the molecules but almost no translation of the columns since the lattice parameter
of the cubic phase is almost double that of the hexagonal phase (Figure 9.4A, B).

Figure 9.5. (A) Upon the phase transition the expected rotational symmetry is broken to conserve
the pseudohexagonal and hexagonal symmetries. Color code in (A): blue–original orientation
preserved by the corner/center spheres; yellow–face spheres of the cubic phase. (B) Depiction of
reorientation of hexagonal microdomains according to the cubic lattice. In the cubic unit cell,
flattened disk-like units represent tetrahedrally distorted spheres. (C) Columnar character in the
supramolecular spheres of the cubic phase. Color code in (B, C): blue–original orientation; red and
orange–columns or spheres “reoriented” in a direction perpendicular to the original one; yellow–
center or corner spheres of the cubic phase that can adopt the blue, red or orange orientation.
A simplified way to envision the mechanism of the supramolecular orientational memory effect is
to introduce conceptually a non-covalently bonded supramolecular unit containing multiple
molecules. The helical features (Figure 9.3B) demonstrated that the intrinsic 3-fold symmetry of the
(3,4,5)12G1-CTV unit generated a long range 31-helical columnar packing (Figure 9.3F). It is
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probable that the high order rotational symmetry of (3,4,5)12G1-CTV coupled with the observed tilt
(Figure 9.3B, F) can generate a supramolecular unit of n dendrimers. The interior of this ndendrimer unit comprises an interlocked aromatic core defined by the strongly interacting CTV
which dictates the well-defined preferential orientational axis of the n-molecule unit at all
temperatures (Figure 9.4E), while the exterior of the n-molecule unit is a “softer” spherical (at high
temperature) or “harder” cylindrical (at low temperature) with outer shell formed by alkyl chains.
This n-dendrimer unit acts as a single structural entity upon cycling between the two phases: the
tetrahedrally distorted spheres re-couple into columns at low temperatures and separate back into
spheres at high temperatures, while retaining their specific preferred direction at any temperature
below the isotropization temperature.
Figure 9.4D, E depicts two models for the formation of supramolecular spheres with columnar
character from the supramolecular columns of (3,4,5)12G1-CTV. The supramolecular orientational
memory observed by XRD (Figure 9.3) indicates that molecules are distributed into supramolecular
spheres in the cubic phase. The experimental density (ρ = 0.96 g/cm3 at 20 °C; Table 9.1) and
lattice parameters of the Pm3̄n cubic phase (Figure 9.3) indicate that there are, on average, 6
dendrimers per supramolecular sphere. This is consistent with three packing models for the
aromatic CTV, as shown in Figure 9.4E. The lattice parameter of the cubic phase (a = 72 Å)
represents 15–16 molecules within a column of the Φhio phase divided into two distorted spherical
units (Figure 9.4D, E). A possible saddle conformation,39,46 rather than a crown conformation, for
the CTV of the middle dendrimer of the spheres in Figure 9.4E (center) cannot be excluded.
However, the saddle conformation has been demonstrated to be a transient metastable
conformation and is therefore unlikely to persist in the supramolecular assemblies. 39,46
The orientational memory observed in the hexagonal phase on cooling relies on the continuous
columnar character of the tetrahedrally distorted spheres from the faces of the cubic phase (Figures
9.4E and 9.5C). During the transition from the Pm3̄n to the Φhio phase, each of the three (200)cub
directions in a given domain is inherited as a (001)hex columnar direction, so that new columnar
orientations are established perpendicular to the original direction (Figure 9.5B). The orientation of
the face spheres inherited from the Φhio phase (blue in Figure 9.5B, C) induces orthogonal
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reorientation in the other two directions (red and orange in Figure 9.5C). The mechanism via which
center and corner spheres are integrated into the supramolecular columns is not yet elucidated.
Information about the cubic axes can be inferred from the orientation of supramolecular columns
in the hexagonal phase, and hence we term this new memory effect, supramolecular orientational
memory.
9.2.5

Visualizing Supramolecular Reorientation by Polarized Birefringence Microscopy

To determine whether the orthogonal reorientation is a local process on the unit cell scale (Figure
9.5C, path B) or a larger scale process (Figure 9.5C, path A), birefringence microscopy experiments
were performed (Figure 9.6A). A thin film in which the supramolecular columns of the hexagonal
phase were oriented in the plane of the film (Figure 9.6A), was heated to 71 °C where it was held
for 1 h (Figure 9.6B). It was then heated at 1 °C/min to 75 °C and held for 5 min. After cooling at
0.4 °C/min to 26 °C and reheating at 2 °C/min to 60 °C the birefringence was measured.
A bimodal orientation with two peaks of comparable intensity separated by 90° orientation was
observed (Figure 9.6D, E). The lack of intermediate orientations is apparent from the dearth of
green shades in the orientation maps (Figure 9.6F, G). One prominent orientation was parallel to
the original orientation ( ≈ 149°) and the other perpendicular ( ≈ 59°), consistent with a reversible
epitaxial relationship between the cubic and columnar phases. The two in-plane columnar
orientations arising from epitaxy from the cubic phase are well mixed (Figure 9.6F), with the
proportion of one or the other in a particular neighborhood having some randomness (Figure 9.6G).
The structure coarsens with annealing, while regions of one orientation swallow the other. This
behavior signals that columnar orientation, by epitaxy from the cubic, is a local statistically random
process, supporting strongly the concept of shared supramolecular arrangement between the cubic
and hexagonal phases.

353

Figure 9.6. (A) Hexagonal phase after shearing. Columns are nearly uniformly oriented
perpendicular to the director lines shown. (B) Decay of birefringence in the cubic phase. (C, D, E)
Orientation distributions of (C) the original film before heating and cooling and (D, E) selected
regions of the film after heating and cooling as described in the main text. (F, G) Two representative
regions with 90° separated bimodal birefringence in the hexagonal phase after cooling from the
cubic phase. Each image (A, F, G) spans 60 μm from top to bottom (scale bars indicated). Color
code: orange–original orientation (φ ≈ 149°); blue–second orientation (φ ≈ 59°).

9.3

Conclusions

We have demonstrated that supramolecular spheres self-assembled from (3,4,5)12G1-CTV
crowns self-organize into Φhio (P6mm) and cubic (Pm3̄n) phases with preferred orientation. The
orientational preference of the supramolecular spheres in an aligned Φ hio is preserved upon heating
to Pm3̄n and again upon cooling to Φhio, generating a complex architecture featuring orthogonallyoriented columnar hexagonal microdomains which cannot be generated through any other
mechanism known to us. The only mechanism that explains both the direction and the reversibility
of this memory effect invokes the formation of supramolecular tetrahedrally distorted spheres with
a preferred orientation. This orientational relationship is introduced here as the concept of
supramolecular orientational memory. The supramolecular structural units of materials with
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supramolecular orientational memory remember their orientations during phase transitions.
In the present system, we observe a (001) hex to (200)cub supramolecular orientational memory effect
in the assemblies of (3,4,5)12G1-CTV. The strong interactions between CTV molecules are
preserved by a (001)hex to (200)cub epitaxial relationship and provide a driving force for (001) hex to
(200)cub memory rather than the (001) hex to (111)cub relationship to be reported soon and also
observed in biphasic mixtures.40–44 This concept is expected to be elaborated for further Pm3̄n
cubic known also as Frank-Kasper A15 structures47 and will be reported soon in other 3D phases
generated from spheres, such as Im3̄m BCC cubic,30 P42/mnm tetragonal,24,29 and LQC26,28 at their
transition to various columnar phases. It is also expected that this concept will be transplanted from
self-assembling dendrimers to block copolymers,24,26,28,29 surfactants,25 and other soft matter27,28
displaying this combination of phases. Therefore, supramolecular orientational memory is expected
to become a general concept for the creation of otherwise inaccessible complex supramolecular
architectures with as yet unknown functions. Novel functions derived from these new complex
arrangements of orthogonal columns via the supramolecular orientational memory effect reported
here are under investigation and will be reported soon.
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9.4

Experimental Section

9.4.1

Techniques

Differential scanning calorimetry (DSC). Thermal transitions were determined on a TA Instruments
Q100 differential scanning calorimeter (DSC) equipped with a refrigerated cooling system. Heating
and cooling rates are indicated in Figure 9.1C. Indium was used as calibration standard. The
transition temperatures were calculated as the maxima and minima of their endothermic and
exothermic peaks.
Density measurements. A small mass of sample (~0.4 mg) was placed in a vial filled with water
followed by ultrasonication to remove the air bubbles embedded within the sample. The sample
sank to the bottom of the vial due to its high density compared with water. A saturated aqueous
solution of sodium chloride was then added into the solution at ~0.1 g per aliquot to gradually
increase the solution density. Sodium chloride solution was added at an interval of at least 20 min
to ensure equilibrium within the solution. When the sample was suspended in the middle of the
solution, the density of the sample was identical to that of the solution, which was measured by a
10 mL volumetric flask.
X-ray diffraction (XRD). X-ray diffraction (XRD) measurements were performed using Cu-Kα1
radiation (λ = 1.542 Å) from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a
0.2 × 0.2 mm2 filament and operated at 3.4 kW. Osmic Max-Flux optics, and triple pinhole
collimation were used to obtain a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a BrukerAXS Hi-Star multiwire area detector. To minimize attenuation, and background scattering, an
integral vacuum was maintained along the length of the flight tube, and within the sample chamber.
Samples were held in glass capillaries (1.0 mm in diameter), mounted in a temperature-controlled
oven (temperature precision: ± 0.1 °C, temperature range from –10 °C to 210 °C). Aligned samples
for fiber XRD experiments were prepared using a custom-made extrusion device.51 The powdered
sample (~10 mg) was heated inside the extrusion device. After slow cooling, the fiber was extruded
in the liquid crystal phase, and cooled to 23 °C. Typically, the aligned samples had a thickness of
0.3–0.7 mm, and a length of 3–7 mm. All XRD measurements were done with the aligned sample
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axis perpendicular to the beam direction. Primary XRD analysis was performed using Datasqueeze
(version 3.0.5).52
Molecular modeling and simulation. Structural and retrostructural analysis53,54 was performed via
molecular modeling and simulation experiments as reported previously. 18,39,55,56 XRD patterns were
measured of oriented fiber and powder samples. Diffraction features and lattice parameters
obtained using Datasqueeze (version 3.0.5)52 were used with helical diffraction theory55 to generate
initial molecular and supramolecular models, using Accelrys Materials Studio (versions 3.1 and
5.0). Geometry optimization was performed using the VAMP module. The XRD pattern expected
from this model was simulated using Accelrys Cerius2. The simulated and experimental XRD
patterns were compared and the supramolecular model refined. 39 Electron density maps
reconstructed from XRD were also used to assess the validity of the proposed supramolecular
model.18,56 This process of XRD simulation and model refinement was repeated iteratively until the
level of agreement between simulated and experimental XRD patterns was agreeable.
Polarized Light Microscopy and Birefringence Measurements. Birefringence measurements
were performed with a Metripol birefringence microscope (Oxford Cryosystems), which is based on
the Wood and Glazer method.57 Monochromatic light (λ = 550 nm) is sent through a rotating
polarizer into the sample, then through a quarter wave plate and an analyzer into a CCD camera
(10 bit Firewire; Scion CFW-1310M high-resolution; 1360 × 1024 pixels), which measures the light
intensity I. Other measured quantities are the phase difference, θ, between two orthogonally
polarized components and the orientation angle, Φ, of the sample’s principal axis. I, θ, and Φ are
inter-related:





1
I = I o 1 + sin 2 ( pol m −  ) sin  

2 
Io is the transmittance, while ωpol and τm denote the polarizer’s rotational frequency and the
measurement time, respectively. A map of the orientation angle Φ is shown in Figure 9.6. Checks
and calibrations performed on the system included alignment and light intensity uniformity check,
assessment of optical path polarization state without the sample, and assessment of the camera’s
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dark noise and linear response from 0% to 80% of its dynamic range. A 40× objective lens (NA =
0.65; magnification = 0.116 µm / pixel) was used.
A few small grains of (3,4,5)12G1-CTV were sheared between two microscope coverslips held at
approximately 49 °C. Shearing the material thus in the Φhio phase produced a high degree of
alignment of the columns parallel to the shearing direction. Shearing was continued until the slides
easily separated, leaving highly aligned films on each surface (Figure 9.6A, C). One slide was
removed and the remaining slide was observed during heat treatment. After holding the sample
momentarily at 49 °C, it was then first heated to 71 °C and the birefringence was monitored. At this
temperature, the cubic phase is stable and the birefringence associated with the columnar phase
decayed over a period of several minutes (Figure 9.6B). The sample was then heated to 75 °C.
and subsequently cooled from 75 °C at 0.4 °C/min to 26 °C and then heated at 2 °C/min to 60 °C
and held at that temperature for 2 h. As birefringence returned, the orientation distribution became
bimodal (Figure 9.6D, E), exhibiting two mutually orthogonal column orientations, one being parallel
to the original direction.
9.4.2

Synthesis

The synthesis of (3,4,5)12G1-CTV was reported previously and is summarized in Scheme 9.1. 37
Characterization data agreed with published data.
Scheme 9.1. Synthesis of (3,4,5)12G1-CTV
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CHAPTER 10
Tetrahedral Arrangements of Perylene Bisimide Columns via Supramolecular
Orientational Memory and its Loss via Self-Organization of a Misfolded Secondary
Structure
(Adapted with permission from Sahoo, D.; Peterca, M.; Aqad, E.; Partridge, B. E.; Heiney, P. A.;
Graf, R.; Spiess, H. W.; Zeng, X.; Percec, V. ACS Nano 2017, 11, 983–991. Copyright 2017,
American Chemical Society; and from Sahoo, D.; Peterca, M.; Aqad, E.; Partridge, B. E.; Klein,
M. L.; Percec, V. Polym. Chem. 2018, 9, 2370–2381. Copyright 2018, Royal Society of
Chemistry.)

10.1

Introduction

Memory effects correlate a past state or event with a current state. 1 Their application in chemical
systems has provided functional materials, including thermally responsive ceramics, 2,3 alloys,4–8
actuators,9,10 sensors,11 information carriers,12 and biomedically relevant plastics13–17 via shape
memory,18,19 as well as ubiquitous liquid crystal displays20,21 via orientational memory.22 The utility
of these materials relies on the preservation of macroscopic structural information from one periodic
array or state to another.
A supramolecular orientational memory effect, in which structural information was preserved from
one nanoscale periodic array to another, was recently discovered 23 in a self-assembling
dendronized cyclotriveratrylene crown (CTV). Heating an aligned columnar hexagonal phase selforganized from dendronized CTV formed a preferentially oriented cubic Pm3̄n phase, known also
as Frank-Kasper A15. Cooling from the cubic phase generated an orthogonal arrangement of
columnar hexagonal domains. The supramolecular columns in these domains were oriented
according to the four-fold symmetric [100]cub directions of the preceding cubic phase, parallel to the
edges of the cube. This supramolecular orientational memory (SOM) effect was driven by the
formation of supramolecular spheres and the preservation of their orientation and molecular
packing upon transition between the columnar hexagonal and cubic phases. The columnar
character of the tetrahedrally distorted spheres from the faces of the Pm3̄n cubic phase was most
probably responsible for this supramolecular orientational memory effect. Additional examples of
supramolecular orientational memory were expected in other 3D phases generated from
supramolecular spheres of self-assembling dendrimers,24–29 block copolymers,30–34 surfactants35–37
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and other soft matter,38,39 including Im3̄m body-centered cubic (BCC),40,41 P42/mnm tetragonal,42
and 12-fold liquid quasicrystalline (LQC).43,44
SOM is a function mediated by hierarchical organization from primary to quaternary structure. 45,46
Organization into relevant quaternary structures (both columnar and 3D sphere-based phases)
relies on formation of appropriate tertiary structures (supramolecular columns and spheres,
respectively), mediated by secondary structure (crown conformation), which is dictated by primary
structure (molecular constitution). This clear hierarchical dependence on primary structure mirrors
the generation of function in biological systems.47,48 For example, Alzheimer’s disease and Prion
diseases associated with erroneous formation of β-sheets and their aggregation into toxic fibrils
and prions.49–54 The driving force for neither disease has been fully elucidated.
Here it is demonstrated that a perylene bisimide functionalized with second generation selfassembling dendrons (3,4,5-G2-PBI) able to self-organize into supramolecular spheres exhibits a
supramolecular orientational memory effect at the transition from its oriented columnar hexagonal
to its BCC phase and back to its columnar hexagonal periodic arrays. Like the supramolecular
orientational memory effect observed at the transition between the columnar hexagonal and the
Pm3̄n lattice of CTV, cubic axes are preserved upon cooling to the columnar hexagonal phase.
However, a different epitaxial relationship operates in the BCC lattice of 3,4,5-G2-PBI compared to
the Pm3̄n lattice of CTV. The resultant nanoscale architecture represents an unusual tetrahedral
morphology of nanoscale columns accessible via this supramolecular orientational memory.
We then investigate a perylene bisimide (PBI) functionalized with only two self-assembling
dendrons, 3,5-G2-PBI, and compare its self-assembly with that of 3,4,5-G2-PBI. 3,5-G2-PBI (1) is
related to 3,4,5-G2-PBI (2) by removal of a single minidendritic branch from each dendron of 3,4,5G2-PBI (2). This modest change to the primary structure of the self-assembling PBI prevents
formation of a supramolecular sphere, thus precluding 3,5-G2-PBI (1) from exhibiting SOM. The
elimination of function because of a structural change parallels the formation of disease-causing
objects in Alzheimer’s and Prion diseases, thus providing a synthetic model for protein misfolding.
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10.2

Results and Discussion

10.2.1 Fundamental Crystallographic Principles for SOM
SOM causes the reorientation of columnar hexagonal domains via heating to and subsequent
cooling from a cubic phase for some molecules exhibiting both a columnar hexagonal and a cubic
phase.23 The orientation of the columnar domains, and therefore the nanoscale architecture that
results from SOM, is dictated by directions of continuous columnar character in the preceding cubic
phase. Figure 10.1a depicts key directions in a columnar hexagonal, BCC, and Pm3̄n cubic lattice.

Figure 10.1. Summary of crystallographic concepts underpinning SOM. (a–c) Crystal structures
and crystallographic directions in the (a) columnar hexagonal (P6mm) phase, (b) body-centered
cubic (BCC, Im3̄m) phase, and (c) cubic (Pm3̄n) phase. (d) Schematic depiction of the “pinching
off” model of sphere formation from supramolecular columns, adapted from ref. 56.
In a hexagonal array of oriented columns, the (001)-direction, denoted [001]hex, runs along the
column axis (Figure 10.1a). The BCC lattice comprises one sphere at the corner of each cubic unit
cell and a second sphere at the center of the cube (Figure 10.1b). The (100)-direction runs along
the edges of the cubic unit cell. Due to the symmetry of the cube, the (100)-direction is equivalent
to the (010)- and (001)-directions, collectively denoted [100]cub. Similarly, there are four equivalent
body diagonals, denoted [111]cub, which are arranged at 109.5° angles to each other,55 akin to the
tetrahedral arrangement of C–H bonds in methane. The sphere at the center of the BCC cell is in
contact with the eight nearest neighbor spheres at the vertices, and hence there is continuous
contact of supramolecular spheres along [111]cub. This continuous contact leads to a distorted
spherical shape.40,41 The Pm3̄n cubic lattice not only contains the center and corner spheres of the
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BCC phase (compare yellow spheres in Figure 10.1b, c), albeit no longer in close contact, 27 but
also includes six spheres which lie on the faces of the cubic cell (Figure 10.1c: red, orange, and
blue distorted spheres). Each pair of face spheres has continuous columnar character along the
(200)-direction, such that the “spheres” are substantially elongated along the (200)-direction,24,27
which is parallel to the (100)-direction but bisects the face of the cubic unit cell.
The transition between a columnar phase and a cubic phase requires a transition from
supramolecular columns to supramolecular spheres. One possible mechanism for this process
requires “pinching off” columns to form spheres,56 which involves movement of the self-assembling
building blocks into regions of higher and lower density within the supramolecular column (Figure
11.1d). This movement of molecules is mediated by their crown conformation and their ability to flip
and form spherical objects.23,57 When the supramolecular columns along [001]hex transform into
supramolecular spheres, the direction in the cubic unit cell along which these spheres lie could be
any direction, such as [100]cub, [111]cub, or [200]cub.
10.2.2 Synthesis of

Perylene

Bisimides with

Second-Generation

Self-Assembling

Dendrons
The synthesis, structural and retrostructural analysis45,46 of 3,4,5-G2-PBI was recently reported.57
Like 3,4,5-G2-PBI (2), 3,5-G2-PBI (1) is also a PBI with two self-assembling dendrons but lacks a
minidendritic building block at the 4-position of both dendrons (Scheme 10.1). This structural defect
is analogous to biological molecules which may be damaged by oxidative cleavage or other
degradation processes.
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Scheme 10.1. Structures of (top) (3,4Pr-3,5)12G2-0-PBI, referred to as “3,5-G2-PBI” (1), and
(bottom) (3,4Pr-3,4,5)12G2-0-PBI, referred to as “3,4,5-G2-PBI” (2).
Scheme 10.2 outlines the synthesis of 3,5-G2-PBI (1). First generation propyl dendron bromide 3,
synthesized as reported,58 was reacted with dihydroxyphthalimide 4, also prepared according to
reported procedures,59 under Williamson esterification conditions with K2CO3 in DMF at 75 °C for
16 h, to give dendron phthalmide 5 in 66% yield after recrystallization from acetone. Deprotection
of 5 with hydrazine hydrate in a refluxing mixture of EtOH and THF for 3 h gave unmasked dendron
amine 6 in 88% yield after recrystallization (acetone). Imidation of commercially available perylene
tetracarboxylic dianhydride (7) with the dendron amine 6 in quinoline at 180 °C for 8 h gave 3,5G2-PBI (1) as a red solid after chromatographic purification.

Scheme 10.2. Synthesis of 3,5-G2-PBI (1). Reagents and conditions: (i) K2CO3, DMF, 75 °C, 16 h;
(ii) N2H4·H2O, EtOH/THF, reflux, 3 h; (iii) 7, Zn(OAc)2·H2O, quinoline, 180 °C, 8 h.
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10.2.3 Thermal Analysis by Differential Scanning Calorimetry (DSC)
As demonstrated previously, 3,4,5-G2-PBI (Figure 10.1) self-organizes into four periodic arrays: a
3D crystalline columnar hexagonal phase (Φhk), two 2D columnar hexagonal arrays with
intracolumnar order (Φhio1 and Φhio2), and a body-centered cubic (BCC) phase.

Figure 10.2. DSC traces of (top) 3,5-G2-PBI (1) and (bottom) 3,4,5-G2-PBI (2) recorded upon (a)
first heating, (b) first cooling, and (c) second heating at a rate of 10 °C/min. Phases determined in
XRD (defined in main text), transition temperatures (in °C), and associated enthalpy changes (in
parentheses, in kcal/mol) are indicated.
The presence of first order phase transitions for 3,5-G2-PBI (1) was analyzed by differential
scanning calorimetry (DSC) at 10 °C/min (Figure 10.2), and the identities of phases were identified
by X-ray diffraction (XRD) experiments to be discussed later. A low temperature transition is
observed at 2 °C on first heating and at 8 °C on second heating, corresponding to a transition
between a columnar hexagonal crystalline (Φhk) phase and a 2D columnar hexagonal phase with
intracolumnar order (Φhio). The Φhio phase exhibits a remarkably broad temperature range of
thermal stability, ranging from 8 °C to 262 °C on second heating (Figure 10.2c). At 262 °C there is
a first order transition to the isotropic melt.
The existence of a single Φhio phase between 8 °C and the isotropization temperaure contrast the
multiple phases exhibited by 3,4,5-G2-PBI (2).57 3,4,5-G2-PBI (2) self-assembles into two distinct
Φhio phases, denoted Φhio1 and Φhio2, with a phase transition between them at 124 °C on second
heating. Further heating above 157 °C generates a BCC phase, completely absent in 3,5-G2-PBI
(1), which transitions to an isotropic melt at 211 °C. The elimination of the cubic phase from 3,5G2-PBI (1) and concomitant stabilization of the Φhio phase are substantial changes resulting from
the moderate structural defect of the missing minidendron at the 4-position.
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10.2.4 Summary of Structural Analysis of 3,4,5-G2-PBI
It was previously shown that G2-PBI self-organizes into its four periodic arrays via three different
tetrameric crowns (TCs) (Figure 10.3).23 These tetrameric crowns are formed from two dimers of
co-planar G2-PBI molecules stacked with an interdimer rotation of 90° and an interdimer distance
of 4.8 Å (Figure 10.3). Below 7 °C, the two dimers of the TC are displaced such that their C2-axes
of symmetry are not co-linear. These asymmetric TCs stack to form a 3D crystalline columnar
hexagonal phase (Φhk). Above 7 °C, the molecules reorganize to form symmetric TCs that stack
into supramolecular columns arranged in a 2D columnar hexagonal array with intracolumnar order,
denoted Φhio1.

Figure 10.3. Schematic models of the four phases of G2-PBI. Phase notation: Φhk – 3D crystalline
columnar hexagonal (P6mm) phase, comprising columns of asymmetric tetrameric crowns; Φhio1 –
low temperature 2D liquid crystalline columnar hexagonal (P6mm) phase with intracolumnar order,
comprising columns of symmetric tetrameric crowns; Φhio2 – high temperature 2D liquid crystalline
columnar hexagonal (P6mm) phase with intracolumnar order, comprising columns of
supramolecular spheres assembled from symmetric and inverted tetrameric crowns; BCC – bodycentered cubic (Im3̄m) periodic array generated from supramolecular spheres assembled from
symmetric and inverted tetrameric crowns. Transition temperatures determined by DSC23 upon first
heating and first cooling at 10 °C/min are shown at the top.
Heating above 125 °C allows inversion of some of the TCs to generate approximately spherical
supramolecular units (Figure 10.3). These spherical units self-organize into both a columnar phase,
in which the spheres are orientationally disordered but remain stacked into supramolecular
368

columns, denoted Φhio2, and a body-centered cubic BCC phase above 158 °C in which the spheres
are orientationally disordered and adopt cubic order. The core of the supramolecular spheres of
G2-PBI is harder than that of the previously reported dendronized CTV 23 which may explain why
packing into an Im3̄m BCC phase rather than a Pm3̄n phase is favored.60 BCC phases are rarely
observed for self-assembling dendrons40 but are commonly encountered in block copolymers.33,61
10.2.5 Structural Analysis of 3,5-G2-PBI
The phases introduced in Figure 10.2 were determined by XRD experiments coupled with iterative
cycles of molecular modeling and simulation of the XRD arising from the proposed model.
Experimental and simulated XRD of the Φhk phase of 3,5-G2-PBI (1) are presented in Figure 10.4
with a model consistent with the experimental XRD data. Diffraction features along the L = 0 layer
line (Figure 10.4a) indicate a hexagonal packing of supramolecular columns with diameter, Dcol, of
42.1 Å, and the broad meridional feature on L = 4 suggests an intermolecular displacement, t, of
4.6 Å along the column axis, with the unit cell comprising four layers. The assignment of this phase
as a crystalline phase is supported by the large enthalpy change associated with the transition
between the Φhio and Φhk phases observed by DSC (Figure 10.2a). The lack of off-axis hkl
diffractions, which would be expected from a crystalline phase, is most likely attributable to a
quenching in of the disorder of the Φhio phase upon cooling, as seen previously for 3,4,5-G2-PBI
(2).57
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Figure 10.4. XRD patterns and molecular models of the 3D crystalline columnar hexagonal (Φhk)
phase of 3,5-G2-PBI (1) generated from asymmetric tetrameric crowns. (a) Experimental X-ray
diffraction pattern (left) compared with XRD pattern simulated from the model in (b−g) (right).
Temperature, phase, lattice parameters, layer lines and fiber axis are indicated. (b–g) Molecular
models of the Φhk phase: (b) single molecule, top and side view; (c) dimer, top view; (d, e)
asymmetric tetrameric crown, (d) top and (e) side view; (f) column, side view; (g) unit cell, top view.
Color code: O, red; N, blue; C atoms of the PBI, green; C atoms of phenyl rings, orange; C atoms
of the peripheral alkyl chains, gray; H, white. (h) Schematic representation of columns with
molecules indicated as green bars.
The lattice parameters (Dcol = 42.1 Å and t = 4.6 Å), taken with the measured density (ρ = 1.02 g/cm3
at 23 °C) and molecular weight (Mwt = 2553.9 g/mol) can be used to calculate that there are ~1.7
molecules in each stratum of the supramolecular column (Table 10.1). Due to experimental
uncertainty in both the density and XRD measurements, it can be concluded that there are about
2 dendronized PBI molecules per column stratum in the supramolecular columns of 3,5-G2-PBI
(1). Therefore, 3,5-G2-PBI (1) (Figure 10.4b) must form a dimeric column stratum (Figure 10.4c).
These dimers stack with an intermolecular distance of 4.6 Å to form an asymmetric tetramer (Figure
10.4d, e), in which the two dimers are rotated by 90ۜ° but the center of the two constituent dimers is
not colinear; that is, the dimers are offset. Stacking two asymmetric tetramers (equivalently, four
dimers) provides a single unit cell of the columnar hexagonal unit cell (Figure 10.4f, g), with 8
molecules stacked as slightly offset dimers. A schematic representation for this packing is depicted
in Figure 10.4h.
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Figure 10.5. XRD patterns and molecular models of the 2D liquid crystalline columnar hexagonal
phase with intracolumnar order (Φhio) of 3,5-G2-PBI (1) generated from symmetric tetrameric
crowns. (a) Experimental X-ray diffraction pattern (left) compared with XRD pattern simulated from
the model in (b−g) (right). Temperature, phase, lattice parameters, layer lines and fiber axis are
indicated. (b–g) Molecular models of the Φhio phase: (b) single molecule, top and side view; (c)
dimer, top view; (d, e) asymmetric tetrameric crown, (d) top and (e) side view; (f) column, side view;
(g) unit cell, top view. Color code: O, red; N, blue; C atoms of the PBI, green; C atoms of phenyl
rings, orange; C atoms of the peripheral alkyl chains, gray; H, white. (h) Schematic representation
of columns with molecules indicated as green bars.
The XRD pattern of 3,5-G2-PBI (1) at 100 °C (Figure 10.5a) and the large enthalpy change
observed by DSC (Figure 10.2a) is consistent with a columnar hexagonal phase with intracolumnar
order, denoted Φhio. In this phase, there is a regular arrangement of molecules within a
supramolecular column, but there are no height-height correlations between the positions of
molecules in adjacent columns. Dcol of Φhio is slightly larger than that of Φhk (43.0 Å versus 42.1 Å),
as is the intermolecular stacking along the column axis (t of Φhio = 4.6 Å versus 4.75 Å for Φhk).
Calculation of the number of molecules per stratum yields a value of 1.9, and therefore it is again
concluded that there are 2 molecules per column stratum of the Φhio phase. However, the presence
of a broad meridional feature on L = 2 (Figure 10.5a) suggests that there are only two layers per
unit cell in the supramolecular column. Therefore, dimers of 3,5-G2-PBI (1) (Figure 10.5c) must
assemble into symmetric tetramers (Figure 10.5d, e). One symmetric tetramer constitutes the
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repeat unit of the supramolecular column, and therefore stacking of multiple tetramers describes
the columns in the Φhio phase (Figure 10.5f–h).
Table 10.1. Structural Analysis of 3,5-G2-PBI (1) by XRD
T
Phase a
a, b, c (Å) b
t
ρ
Mwt
Dcol
d100, d110, d200, d101 (Å)
f
(°C)
(Å) c (g/cm3) d (g/mol) e
(Å) g
–7
Φhk
42.1, 42.1, 18.4 4.6
1.02
2553.9
1.7
42.1
36.6, 21.1, 18.2, 16.4
100 Φhio
43.0, 43.0, 9.5
4.75
1.9
43.0
37.2, 21.5, 18.6, –
a Phase notation: Φ k – 3D crystalline columnar hexagonal phase; Φ io –2D liquid crystalline columnar
h
h
hexagonal phase with intracolumnar order. b Lattice parameters calculated using dhk = (√3a/2)·(h2 + k2 + hk)–
1/2. c Average column stratum thickness calculated from the meridional axis features of WAXS fiber patterns.
d Experimental density measured at 23 °C. e Molecular weight. f Average number of dendrimers forming the
supramolecular column stratum with thickness t, calculated using μ = (NA·A·t·ρ)·(Mwt)–1 where NA = 6.022 ×
1023 mol–1 = Avogadro’s number and A is the area of the column cross-section calculated from the lattice
parameters. g Column diameter for Φh phases (Dcol = a).

10.2.6 Orientational Relationship Observed in XRD Patterns of Oriented Fibers
X-ray diffraction (XRD) patterns of oriented fibers of the Φhk, Φhio1, Φhio2, and BCC phases of 3,4,5G2-PBI were recorded during first heating57 (Figure 10.3a–d) and first cooling (Figure 10.6e–g).

Figure 10.6. XRD patterns showing orientational epitaxy in ordered hexagonal phases upon
cooling from the BCC phase of 3,4,5-G2-PBI. (a–d) Experimental IAXS patterns of the (a) Φhk, (b)
Φhio1, (c) Φhio2, and (d) BCC phases collected from an oriented fiber upon first heating. (e–g)
Experimental patterns of the (e) Φhk, (f) Φhio1, and (g) Φhio2 phases collected from the same fiber
upon first cooling. Note the 6-fold symmetry of the patterns collected upon cooling. In (f), weak
(110) and (210) features are highlighted by broken white lines. Temperature, phase, lattice
parameters, and fiber axis are indicated. (h) Simulation of scattering from a columnar hexagonal
liquid crystalline lattice with column c-axes ([001]hex directions) aligned along the body diagonals
([111]cub directions) of the BCC phase.
The direction of the column c-axis, or [001]hex direction, in the hexagonal Φhk, Φhio1, and Φhio2
phases observed during heating is determined by the direction in which the fiber is extruded: the
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[001]hex axis is aligned with the long axis of the fiber (Figure 10.7a).62 The d-spacings observed in
the XRD patterns upon cooling are identical to those observed upon heating, indicating that the
same structural phase is present under both conditions.

Figure 10.7. Schematic depiction of a BCC lattice treated as a √3 × √3 hexagonal lattice (Фhio
phase). The “spheres” are the 12-molecule subunits shown in Figure 10.3. The distance between
spheres in each column is the hexagonal c-parameter. The cubic lattice a-parameter is the distance
between identical columns, a = c·√(8/3). Spheres within columns 1, 2, and 3 are displaced along
the column axis by z = 0, z = c/3, and z = 2c/3 respectively.
However, the six-fold symmetry of the patterns in Figure 10.6e–g indicate that the supramolecular
columns in the Φhk, Φhio1, and Φhio2 phases obtained upon cooling 3,4,5-G2-PBI are not all aligned
with the original fiber axis. The observation of well-defined orientations of the Bragg spots, including
the original orientation of the hexagonal reflections, indicates that the system retains a memory of
the original orientations, preserved via the BCC phase. This orientational relationship, known also
as “epitaxy”, involves “the preservation of certain crystallographic directions upon an indicated
phase transition”, in this case from the BCC to the Φh phase.23,63–67 The six-fold symmetry in Figure
10.6e–g indicates that the Φhk, Φhio1, and Φhio2 phases preserve the orientational arrangement of
the preceding BCC phase (Figure 10.6d).
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An orientational relationship between two phases may be dictated by one of two features:
preservation of an aspect of the molecular arrangement or preservation of some feature of the
lattice symmetry. The BCC phase can be considered a special case of the columnar hexagonal
lattice,57 via a superlattice in which there are three types of columns comprising supramolecular
spheres displaced along the column c-axis, or [001]hex direction, by 0, c/3, and 2c/3 respectively
(as for Фhio2, Figure 10.7a).57 The BCC unit cell is then superimposed upon the Φh lattice such that
the body diagonal of the cubic unit cell (the [111] cub direction) is aligned along the column axis
([001]hex, Figure 10.7b).
10.2.7 Mechanism of Supramolecular Orientational Memory
Figure 10.8 illustrates the axes in the hexagonal and cubic phases and their persistence through
thermal transitions. The direction of the [001]hex axis in the hexagonal Φhk, Φhio1, and Φhio2 phases
observed upon heating is determined by the direction in which the fiber is extruded: the [001] hex
axis is aligned with the long axis of the fiber (Figure 10.8a).62 This axis has 6-fold symmetry in a
hexagonal lattice. As discussed (Figure 10.7), the BCC phase can be considered as a special case
of a columnar hexagonal lattice, with the [001] hex axis corresponding to a [111]cub axis. Thus, when
the BCC phase is formed upon heating, one of its [111]cub axes is aligned along the fiber axis, and
the heights of the spheres within the columns develop intercolumnar order such that the hexagonal
superlattice is formed. A BCC phase has four different [111]cub directions at 109.5º angles55 to each
other, similar to the tetrahedral arrangement of C–H bonds in methane. One of these is oriented
along the fiber axis while the others are randomly pivoted about that axis (Figure 10.8a, center).
When the BCC phase reverts to a columnar hexagonal phase upon cooling, each of these [111] cub
directions, the one along the fiber axis and also those oriented tetrahedrally about it, forms the
possible basis for a new columnar c-axis ([001]hex). Hence in the re-formed Φhio2 array one of the
[001]hex directions is aligned with the old fiber axis direction and the other new [001] hex directions
lie in a cone of randomly oriented new orientations, with the opening angle of the cone equal to the
109.5º angle found in a tetrahedron (Figure 10.8a, right).

374

Figure 10.8. Orientation epitaxy of the assemblies generated by 3,4,5-G2-PBI. (a) Schematic
representation of crystallographic axes in the hexagonal Фhio2 and cubic BCC phases. (b)
Crystallographic axes from panel (a) overlaid on supramolecular structure. (c) Supramolecular
columns packed into hexagonal domains (left) are defined by supramolecular spheres (center).
Upon cooling, hexagonal domains are formed with their c-axes ([001]hex) aligned with [111]cub. The
schematics in (c) represent idealized domains and do not account for disorder present in the
physical system.
There are therefore a large number of directions for the (100) and (110) diffractions. However,
numerical simulation (Figure 10.6h) shows that the intensity of the primary diffraction is
concentrated at 60º intervals around the azimuth, resulting in a six-fold symmetric pattern as
observed experimentally (Figure 10.6e–g). The numerical simulation also reproduces the diffuse
scattering due to the increased positional disorder of the spheres in the Φhio2 phase. This
phenomenon, in which the orientation of axes is preserved during a phase transition between
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supramolecular assemblies, was recently discovered in a CTV derivative and termed
supramolecular orientational memory.23
10.2.8 Persistence of Preferred Orientations upon Subsequent Thermal Treatment
This supramolecular orientational memory effect occurs upon every phase transition between the
cubic BCC and columnar hexagonal Φhio2 phases. Hence the [001]hex direction of each columnar
hexagonal monodomain generated upon first cooling from the BCC to the Φhio2 phase can become
the [111]cub direction of a cubic monodomain upon subsequent heating. Upon cooling, each of these
[111]cub directions can become a new [001] hex direction. Thus the number of possible orientations
of the columnar hexagonal monodomains increases exponentially as a function of the number of
heating and cooling cycles, manifested in XRD patterns as a subtle broadening of the diffraction
features recorded during second and third heating and cooling (Figure 10.9). However, even after
three heating and cooling cycles, XRD patterns clearly show distinct columnar hexagonal and cubic
phases. Similarly, fibers of a CTV derivative exhibiting supramolecular orientational memory
maintained their preferred orientation after cycling six times between the columnar hexagonal and
cubic phases.23 The preferred orientations of the columnar hexagonal and cubic phases can be
erased by melting the oriented fiber into the isotropic state. In an isotropic melt, all preferred
orientations are eliminated and the sample generates an isotropic distribution of cubic
monodomains upon cooling to the BCC phase.
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Figure 10.9. Experimental IAXS patterns of the Φhk, Φhio1, Φhio2, and BCC phases collected from
an oriented fiber of 3,4,5-G2-PBI upon (a) second heating, (b) second cooling, (c) third heating,
and (d) third cooling. Temperature, phase, and fiber axis are indicated.
10.2.9 Losing SOM in Assemblies of 3,5-G2-PBI
The modest difference in the primary structures of 3,5-G2-PBI (1) and 3,4,5-G2-PBI (2) – the
absence or presence of a minidendron at the 4-position of the second generation dendron –
eliminates the ability of 3,5-G2-PBI (1) to exhibit a material function, SOM. Molecular modeling was
used to investigate the mechanism through which SOM is lost in assemblies of 3,5-G2-PBI (1)
(Figure 10.10).

377

Both 3,4,5-G2-PBI (2) and 3,5-G2-PBI (1) self-assemble into supramolecular columns in which the
dendrons are tilted towards the exterior of the column in a tapered conformation (Figures 10.4b
and 10.5b). As the assemblies are heated, the degree of motion and disorder increases in the selfassembling dendrons. For 3,4,5-G2-PBI (2), this motion cannot be accommodated while
maintaining the tapered conformation. Instead, the 3,4,5-dendron must adopt a conical
conformation to reduce steric strain. This ability of a single building block to adopt multiple
conformations during self-assembly is known as quasi-equivalence.68,69 The conical conformation
cannot be accommodated within the column, and drives formation of supramolecular spheres, first
in the Φhio2 phase and subsequently in the BCC phase (Figure 10.10a).

Figure 10.10. Comparison of supramolecular sphere formation by 3,4,5-G2-PBI (2) and 3,5-G2PBI (1). (a) 3,4,5-G2-PBI (2) self-assembles into supramolecular columns. However, at high
temperature the volume occupied by the 3,4,5-dendron increases and drives formation of a
supramolecular sphere. (b) In contrast, the vacant 4-position in 3,5-G2-PBI (1) accommodates the
increased occupied volume of the dendrons at high temperature within the supramolecular column.
A supramolecular sphere would have vacant space and thus its formation is disfavored.
In contrast, the vacant 4-position in the dendrons of 3,5-G2-PBI (1) has two effects: it reduces the
number of atoms which must be accommodated at the exterior of the column and also increases
the available volume which the rest of the dendron can occupy. As the Φhio phase of 3,5-G2-PBI
(1), the periphery of the column will undergo increased motion, but there remains sufficient space
(Figure 10.10a, b, broken blue ellipses) to accommodate the more disordered chains. Transition
from a tapered conformation to a conical conformation is unnecessary. This effect has previously
been observed for dendrons functionalized only in the 3- and 5-positions.58,70 Molecular modeling
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(Figure 10.10b, right) shows that even at high temperature, the 3,5-dendrons of 3,5-G2-PBI (1)
would be unable to sufficiently occupy the volume required to form a supramolecular sphere.
Therefore, the columnar Φhio phase of 3,5-G2-PBI (1) persists until melting at 262 °C, which is not
only beyond the transition temperature between Φhio2 and the BCC phase in 3,4,5-G2-PBI (1)
(157 °C), but also beyond the isotropization temperature of 3,4,5-G2-PBI (2) (211 °C).

Figure 10.11. Summary of reported molecules exhibiting SOM. (a) (3,4,5)12G1-CTV and (b) 3,4,5G2-PBI (2). Both molecules initially self-assemble into columnar hexagonal domains. Heating
generates (a) a Pm3̄n or (b) an Im3̄m cubic phase in which there is continuous columnar character
between spheres along the (a) (200) or (b) (111) directions. Cooling regenerates columnar
hexagonal domains, oriented along the (a) three equivalent (200) directions or (b) four equivalent
(111) directions of the preceding cubic phase, to give (a) an orthogonal or (b) a tetrahedral
arrangement of supramolecular columns.
10.2.10 Comparison of Supramolecular Orientational Memory in Dendronized PBI and CTV
G2-PBI provides the second example of a system which exhibits a supramolecular orientational
memory effect, the other being a CTV derivative reported recently.23 In both systems,
supramolecular orientational memory is observed upon transition between a columnar hexagonal
phase and a cubic phase generated from spheres and hence G2-PBI and the CTV derivative must
be able to assemble into both columnar and spherical supramolecular objects. This is achieved in
both systems via crown-like molecular conformations with strongly interacting cores. For G2-PBI,
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the second generation dendron attached to the bisimide is sufficiently flexible to allow
reorganization into a sphere,57 whereas bowl-to-bowl inversion is utilized by CTV to generate a
spherical structure.23,28
Supramolecular orientational memory has been observed in two different cubic phases: BCC (Im3̄
m) for G2-PBI, and Pm3̄n for recently reported CTV.23 (3,4,5)12G1-CTV self-assembled into a
columnar hexagonal phase and, upon heating, a Pm3̄n cubic phase (Figure 10.11a). Upon
transition from the oriented columnar phase to the Pm3̄n cubic phase, the spheres which formed
along [001]hex became the face spheres of the cubic unit cell, likely due to the continuous columnar
character inherent in those face spheres.24,27 Upon cooling, this character was preserved along
[200]cub, and hence columnar domains were formed along all three (200)-directions to give an
orthogonal arrangement of columnar domains (Figure 10.11a, right). In contrast, 3,4,5-G2-PBI (2)
self-assembled into columnar hexagonal phases and a BCC phase.57 The BCC phase is a special
case of the hexagonal lattice57 in which [111]cub is equivalent to [001]hex (Figure 10.1b). Therefore
the body diagonal of the BCC unit cell of 3,4,5-G2-PBI (2) was oriented along the former column
axis of the preceding columnar hexagonal phase. Upon cooling, all four [111]cub directions direct
the formation of supramolecular columns to produce a tetrahedral arrangement of columnar
hexagonal domains (Figure 10.11b). Hence the arrangement of columnar domains in the hexagonal
phase after cooling “remembers” – or, more accurately, preserves – directions of continuous
columnar character in the cubic phase, such that different cubic phases give rise to different
nanoscale architectures after cooling, driven by the directions of close contact between spheres in
the cubic phase. The resultant architecture comprising columnar hexagonal domains oriented in
tetrahedral directions (Figure 5c, right) is an unusual morphology, distinct from the orthogonal
orientation observed in the CTV derivatives.23 A similar preservation of contact between notionally
distinct supramolecular objects was recently invoked by Bates and coworkers to rationalize a form
of “structural memory” in poly(isoprene)-b-poly(lactide) block copolymers.39
Neither of these complex nanoscale periodic arrangements can be generated by any other means.
Additional experiments are required to ascertain whether the nature of the continuous columnar
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character of some selected spheres from the cubic lattice is the key molecular determinant of the
orientational relationship observed in systems exhibiting supramolecular orientational memory.
10.3

Conclusions

Supramolecular orientational memory has been demonstrated in the Φhk, Φhio1, Φhio2 and cubic
BCC nanoscale periodic arrays of G2-PBI generated via the hierarchical organization of tetrameric
crowns, columns, spheres, and columns from spheres. Preferentially oriented columns in three Φh
phases transform via supramolecular spheres into an oriented cubic BCC phase. Upon cooling the
BCC phase generates a complex tetrahedral nanoscale architecture of columnar hexagonal
domains oriented per the body diagonals of a cube (the [111] cub directions). G2-PBI exhibits a
[001]hex to [111]cub epitaxy for a BCC phase, distinct from the [001]hex to [200]cub epitaxy observed
for the cubic Pm3̄n phase of dendronized CTV.23 However, both systems comprise
conformationally flexible molecular building blocks that self-organize into supramolecular spheres
which maintain their molecular packing during phase transition. This preservation of the
supramolecular unit forms the basis for the supramolecular orientational memory observed for G2PBI assemblies and for dendronized CTV.23
Modifying the primary structure of a self-assembling PBI, which displays SOM, 3,4,5-G2-PBI (2),
provides an analogous PBI, 3,5-G2-PBI (1), which is unable to exhibit SOM in its assemblies. This
elimination of the SOM function is mediated by a transfer of structural information through
hierarchical self-assembly. With its modified primary structure, 3,5-G2-PBI (1) adopts only a
tapered conformation (secondary structure), without forming the conical conformation adopted by
3,4,5-G2-PBI (2). The lack of a conical conformation precludes formation of a supramolecular
sphere (tertiary structure) and eliminates subsequent organization into a BCC phase (quaternary
structure). SOM requires a transition between a columnar phase and a 3D phase generated from
spheres, and therefore SOM is not observed in assemblies of 3,5-G2-PBI (1).
The mechanism by which SOM is eliminated in 3,5-G2-PBI (1) is analogous to the elimination of
healthy biological function in Alzheimer’s and Prion diseases. The missing minidendritic building
block at the 4-position of the dendrons in 3,5-G2-PBI (1) compared to 3,4,5-G2-PBI (2) can be
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viewed as a structural defect which alters its secondary structure. Defects or other changes to the
secondary structure of a protein (or PBI) are transferred via hierarchical assembly to give misfolded
tertiary and quaternary structures, and ultimately eliminate the desirable biological function or even
generate additional detrimental function. In Prion diseases, the misfolded protein can disrupt the
self-assembly of other, defect-free proteins. Investigations are ongoing to ascertain whether nonSOM molecules can disrupt the memory effect of SOM molecules, or, conversely, whether
molecules capable of exhibiting SOM can induce a structurally defective molecule to exhibit
desirable function.
The PBIs reported here provide a clear demonstration of the effect of changes to the primary
structure on the generation of function via hierarchical self-assembly. This work also further
enhances our understanding of SOM, but also raises some additional questions. Both (3,4,5)12G1CTV13 (Figure 10.11a) and 3,4,5-G2-PBI (2) adopt crown conformations in their supramolecular
columns and spheres. Is a crown conformation sufficient to exhibit SOM? Will other crown-like CTV
derivatives28 exhibit SOM? How about other self-assembling dendrimers which adopt crown
conformations, such as triphenylenes?29 Of relevance to other soft matter, such as block
copolymers and surfactants, is whether a crown conformation is required, or whether conical
molecules72 or micellar structures can also exhibit SOM? How about spheres made from a single
dendron or polymer chain?26 These questions are under active investigation and are expected to
provide additional hints at how this concept can be generalized to the diverse range of building
blocks, including block copolymers and surfactants, which self-organize into 3D phases comprising
supramolecular spheres.

10.4

Experimental Section

10.4.1 Materials
Hydrazine hydrate (N2H4·H2O), zinc acetate dihydrate (Zn(OAc)2·2H2O), and quinoline (all from
Acros), Potassium carbonate (K2CO3) (from Alfa Aesar), and DMF, EtOH, and THF (all from Fisher,
ACS reagent) were used as received. 3-[(3,4-Bis(dodecyl-1-oxy)phenyl]propyl bromide58 (3) and 2382

(3,5-dihydroxyphenyl)isoindole-1,3-dione59 (4) were synthesized according to previously reported
procedures. The synthesis of 3,4,5-G2-PBI was reported previously.57
10.4.2 Techniques
The purity, and the structural identity of the intermediary and final products were assessed by a
combination of techniques that includes thin-layer chromatography (TLC), high pressure liquid
chromatography (HPLC), 1H and 13C NMR, and matrix-assisted laser desorption/ionization time-offlight (MALDI-TOF) mass spectrometry.
High Pressure Liquid Chromatography (HPLC). High pressure liquid chromatography (HPLC) was
carried out using Shimadzu LC-20AD high-performance liquid chromatograph pump, a PE Nelson
Analytical 900 Series integration data station, a Shimadzu RID-10A refractive index (RI) detector,
and three AM gel columns (a guard column, 500 Å, 10 μm, and 104 Å, 10 μm). THF was used as
solvent at an oven temperature of 40 °C. UV absorbance at 254 nm was used as detector.
Solution NMR. 1H NMR (500 MHz), and

13C

NMR (126 MHz) spectra were recorded on a Bruker

DRX 500 instrument using the solvent indicated at 300 K.
Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF). MALDI-TOF mass
spectrometry was performed on PerSeptive Biosystems-Voyager-DE (Framingham, MA) mass
spectrometer equipped with a nitrogen laser (337 m), operating in linear mode. Internal calibration
was performed using Angiotensin II, and Bombesin as standards. The analytical samples were
obtained by mixing THF solution of the sample (5–10 mg/mL), and the matrix (3,5-dihydroxybenzoic
acid) (10 mg/mL) in a 1:1 to 1:5 v/v ratio. The prepared solution (0.5 L) was loaded on the MALDI
plate and allowed to dry at 25 °C before the plate was inserted into the vacuum chamber of the
MALDI instrument. The laser steps, and voltages were adjusted depending on the molecular
weight, and the nature of each analyte.
Differential Scanning Calorimetry (DSC). Thermal transitions were measured on TA Q100
differential scanning calorimeter integrated with a refrigerated cooling system (RCS). The transition
temperatures were measured as the maxima and minima of their endothermic and exothermic
peaks, respectively. Indium and sapphire were used as calibration standards.
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X-ray Diffraction (XRD). XRD measurements were performed using Cu-Kα1 radiation (λ = 1.542 Å)
from a Bruker-Nonius FR-591 rotating anode X-ray source equipped with a 0.2 × 0.2 mm 2 filament
and operated at 3.4 kW. Osmic Max-Flux optics, and triple pinhole collimation were used to obtain
a highly collimated beam with a 0.3 × 0.3 mm 2 spot on a Bruker-AXS Hi-Star multiwire area detector.
To minimize attenuation, and background scattering, an integral vacuum was maintained along the
length of the flight tube, and within the sample chamber. Samples were held in glass capillaries
(1.0 mm in diameter), mounted in a temperature-controlled oven (temperature precision: ± 0.1 °C,
temperature range from –10 °C to 210 °C). Aligned samples for fiber XRD experiments were
prepared using a custom-made extrusion device. The powdered sample (~10 mg) was extruded in
the liquid crystal phase. Typically, the aligned samples have a thickness of 0.3–0.7 mm, and a
length of 3–7 mm. All XRD measurements were done with the aligned sample axis perpendicular
to the beam direction. Primary XRD analysis was performed using Datasqueeze (version 3.0.5).
Molecular Modelling and Simulation. Molecular modeling, and simulation experiments were
performed using Materials Studio (version 5) software from Accelrys. The Forcite module was used
to perform the energy minimizations on the supramolecular structures.
Density Measurements. For density measurements, a small mass of sample (~0.4 mg) was placed
in a vial filled with water followed by ultrasonication to remove the air bubbles embedded within the
sample. The sample sank to the bottom of the vial due to its high density compared with water. A
saturated aqueous solution of potassium iodide (KI) was then added into the solution at ~0.1 g per
aliquot to gradually increase the solution density. KI was added at an interval of at least 20 min to
ensure equilibrium within the solution. When the sample was suspended in the middle of the
solution, the density of the sample was identical to that of the solution, which was measured by a
10 mL volumetric flask.
10.4.3 Synthesis
2-{3,5-Bis-[3-(3,4-bis(dodecyl-1-oxy)phenyl)propoxy]phenyl}isoindole-1,3-dione (5). In a
100 mL three-necked flask equipped with a condenser were placed N,N-dimethylformamide (DMF,
30 mL) together with dry K2CO3 (0.5 g, 3.5 mmol). The resulting suspension was degassed with a
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stream of Ar for 15 min. 2-(3,5-Dihydroxyphenyl)isoindole-1,3-dione (4) (0.20 g, 0.78 mmol) and
3-[(3,4-bis(dodecyl-1-oxy)phenyl]propylbromide (3) (0.90 g, 1.59 mmol) were added, and the
mixture was stirred and heated at 75 ºC for 1 6h. The reaction mixture was poured into cold water
(50 mL) and the resulting precipitate was filtered, washed with water and methanol and dried.
Recrystallization from acetone produced 0.6 g (66 %) of white crystals.
Purity (HPLC): 99%+, TLC (SiO2, CH2Cl2): Rf = 0.65. 1H NMR (CDCl3, δ, ppm, TMS): 0.89 (t, J =
6.4 Hz, 12H, 4CH3), 1.28 (m, 64H, 4CH3(CH2)8), 1.46 (m, 8H, 4AlkCH2CH2CH2OAr), 1.79 (m, 8H,
4AlkCH2CH2CH2OAr), 1.95 (m, 4H, 2ArCH2CH2CH2OAr), 2.65 (t, J = 5.7 Hz, 4H,
2ArCH2CH2CH2OAr),

3.94–4.02

(overlapped

m,

12H,

4AlkCH2CH2CH2OAr

and

2ArCH2CH2CH2OAr), 6.12 (s, 1H, ArH, para to N(C=O)2), 6.72–6.81 (overlapped m, ArH, ortho and
meta to OAlk), 6.91 (s, 2H, ArH ortho to N(C=O)2), 7.73 (dd, J = 8.3, 2.1 Hz, 2H, ArH meta to C=O),
8.20 (dd, J = 8.3, 2.1 Hz, 2H, ArH ortho to C=O). 13C NMR (CDCl3, δ, ppm, TMS): 14.5 (CH3), 23.1
(CH2CH3),

26.5

CH3(CH2)3(CH2)5),

(CH2CH2CH2OAr),
30.7

(CH2CH2OAr),

29.7
32.4

(CH3(CH3)2CH2),
(ArCH2CH2CH2OAr,

30.0–30.1
3,5

(overlapped

positions),

32.8

(ArCH2CH2CH2OAr, 3,5 positions), 71.7 (ArCH2CH2CH2OAr, 3,5 positions), 73.7 (AlkCH2OAr), 97.8
(ArC para to N(C=O)2), 98.9 (ArC ortho to N(C=O)2), 114.6 (ArC (2’) ortho to CH2CH2CH2OAr, 3,5
positions), 114.9 (ArC (3’) meta to CH2CH2CH2OAr, 3,5 positions), 120.7 (ArC (6’) ortho to
CH2CH2CH2OAr, 3,5 positions), 127.4 (ArC ortho to (C=O)2), 132.1 (ArC meta to C=O), 132.7 (ArC
ipso to C=O), 140.1 (ArC ipso to N(C=O)2), 159.6 (ArC ipso to ArCH2CH2CH2O), 164.5 (C=O).

3,5-Bis-[3-(3,4-bis(dodecyl-1-oxy)phenyl)propoxy]phenylamine (6). To a solution of dendron
phthalimide 5 (0.53 g, 0.43 mmol) in a mixture of EtOH (5 mL) and THF (15 mL) was added
hydrazine monohydrate (N2H4.H2O) (0.11 g, 2.2 mmol). The reaction mixture was refluxed under
Ar atmosphere for 3 h. The solvents were removed under reduced pressure and the resulting
residue was dissolved in minimal volume of CH2Cl2 and passed through a short column of silica gel
using CH2Cl2/acetone (10:1 v/v) as eluent. The solvents were fully evaporated and the remaining
product was recrystallized from acetone to produce 0.42 g (88 %) of pure product as white crystals.
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Purity (HPLC): 99%+, TLC (SiO2, CH2Cl2/acetone 10:1): Rf = 0.45. 1H NMR (CDCl3, δ, ppm, TMS):
0.89 (t, J = 6.4 Hz, 12H, 4CH3), 1.28 (m, 64H, 4CH3(CH2)8), 1.46 (m, 8H, 4AlkCH2CH2CH2OAr),
1.79 (m, 8H, 4AlkCH2CH2CH2OAr), 1.95 (m, 4H, 2ArCH2CH2CH2OAr), 2.65 (t, J = 5.7 Hz, 4H,
2ArCH2CH2CH2OAr), 3.94-4.02 (overlapped m, 12H, 4AlkCH2CH2CH2OAr and ArCH2CH2CH2OAr),
5.85 (s, 2H, ArH ortho to NH2), 5.90 (s, 1H, ArH, para to NH2), 6.72–6.81 (overlapped m, 6H, ArH,
NMR (CDCl3, δ, ppm, TMS): 14.5 (CH3), 23.1 (CH2CH3), 26.5

ortho and meta to OAlk).

13C

(CH2CH2CH2OAr), 29.7

(CH3(CH3)2CH2), 30.0–30.1 (overlapped CH3(CH2)3(CH2)5), 30.6

(CH2CH2OAr), 32.5 (ArCH2CH2CH2OAr, 3,5 positions), 32.9 (ArCH2CH2CH2OAr, 3,5 positions),
71.5 (ArCH2CH2CH2OAr, 3,5 positions), 73.2 (AlkCH2OAr), 92.5 (ArC para to NH2), 95.9 (ArC ortho
to NH2), 114.6 (ArC (2’) ortho to CH2CH2CH2OAr, 3,5 positions), 114.9 (ArC (3’) meta to
CH2CH2CH2OAr, 3,5 positions), 120.7 (ArC (6’) ortho to CH2CH2CH2OAr, 3,5 positions), 147.1 (ArC
ipso to NH2), 159.9 (ArC ipso to ArCH2CH2CH2O).

(3,4Pr-3,5)12G1-0-PBI (3,5-G2-PBI, 2). A suspension of perylene tetracarboxylic dianhydride (7)
(71 mg, 0.18 mmol), dendron amine 6 (0.4 g, 0.37 mmol) and Zn(OAc)2·2H2O (40 mg, 0.18 mmol)
in quinoline (7 mL) was stirred at 180 ºC under Ar atmosphere for 8 h. The reaction mixture was
allowed to cool to 23 °C whereupon it was poured into HCl (1 M, 20 mL). The resulting precipitate
was filtered, washed with water (20 mL) and methanol (20 mL), and dried. The crude product was
purified by silica gel column chromatography using CH 2Cl2/acetone (20:1, v/v). The resulting red
powder was dissolved in CH2Cl2 and precipitated by the addition of methanol to produce 0.38 g
(82%) as a red solid. TLC (SiO2, CH2Cl2/acetone 20:1): Rf = 0.42. Purity (HPLC): 99%+. 1H NMR
(CDCl3, δ, ppm, TMS): 0.89 (t, J = 6.4 Hz, 24H, 8CH3), 1.28 (m, 128H, 8CH3(CH2)8), 1.47 (m, 16H,
8AlkCH2CH2CH2OAr), 1.79 (m, 16H, 8AlkCH2CH2CH2OAr), 2.08 (m, 8H, 4ArCH2CH2CH2OAr), 2.73
(t, J = 5.7 Hz, 8H, 4ArCH2CH2CH2OAr), 3.96–4.00 (overlapped m, 24H, 8AlkCH2CH2CH2OAr and
4ArCH2CH2CH2OAr), 6.54 (s, 2H, ArH ortho to ArCH2CH2CH2O), 6.62–6.81 (overlapped m, 12H,
ArH, ortho and meta to OAlk), 6.82 (s, 4H, ArH, ortho to N(C=O)2), 8.63 (d, J = 8.1 Hz, 4H,
H2,5,8,11), 8.74 (d, J = 8.1 Hz, 4H, H1,6,7,12).

13C

NMR (CDCl3, δ, ppm, TMS): 14.5 (CH3), 23.2

(CH2CH3), 26.5 (CH2CH2CH2OAr), 29.9 (CH3(CH3)2CH2), 30.1-30.3 (CH3(CH2)3(CH2)5), 30.7
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(CH2CH2OAr), 32.8 (ArCH2CH2CH2OAr, 3,5 positions), 32.9 (ArCH2CH2CH2OAr, 3,5 positions),
71.5 (ArCH2CH2CH2OAr, 3,5 positions), 73.2 (AlkCH2OAr), 101.2 (ArC para to N(C=O)2), 106.5
(ArC ortho to N(CO)2), 114.5 (ArC (2’) ortho to CH2CH2CH2OAr, 3,5 positions), 114.7 (ArC (3’) meta
to CH2CH2CH2OAr, 3,5 positions), 120.9 (ArC (6’) ortho to CH2CH2CH2OAr, 3,5 positions), the
signals at 122.4, 123.1, 125.7, 128.7, 130.9 and 131.2, correspond to perylene carbons; 141.2 (ArC
ipso to N(C=O)2), 159.9 (ArC ipso to ArCH2CH2CH2O), 162.3 (C=O).
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CHAPTER 11
Programming Glycan Reactivity with Lamellar and Hexagonal Nanomorphologies
on Cell Membrane Mimics
(Unpublished work with contributions from Rodriguez Emmenegger, C.; Xiao, Q.; Kostina, N. Y.;
Sherman, S. E.; Rahimi, K.; Partridge, B. E.; Reveron Perez, A. M.; Buzzacchera, I.; Han, H.;
Kerzner, M.; Malhotra, I.; Möller, M.; Wilson, C. J.; Good, M. C.; Goulian, M.; Baumgart, T.;
Klein, M. L.; Percec, V..)

11.1

Introduction

Soft matter self-organizes into a diversity of periodic and quasiperiodic arrays, including FrankKasper phases such as Pm3̄n cubic known also as A15 phase,1–4 and P42/mnm tetragonal known
as σ-phase,5 dodecagonal liquid quasicrystals,6,7 and helical columns8 and spheres9 including
some that disregard chirality. These morphologies are responsible for numerous functions. 3,10–14
These complex architectures were discovered and elucidated via structural and retrostructural
analysis of libraries of self-assembling dendrons and dendrimers employing diffraction methods 15
and were later found16 in block copolymers,17–21 surfactants, 22–25 and other systems.26–29 Recently,
amphiphilic Janus dendrimers (JDs),30,31 and their sugar-presenting analogues, Janus
glycodendrimers (JGDs),32 which provide synthetic alternatives to natural lipids and glycolipids that
can easily be functionalized, have been reported to self-assemble in water33 into vesicles, named
dendrimersomes (DSs) and glycodendrimersomes (GDSs)34, and into cell-like hybrids with
bacterial35 and with human cells. The bilayers of these supramolecular constructs act as a barrier
between the inner and outer parts of DSs, GDSs and of cell-like hybrids30,31,34,35 and provide
selective transport across this barrier when transmembrane proteins and their mimics are
incorporated in the bilayer35 with the same efficiency as liposomes12 and polymersomes.36
Therefore, they can be used as biological membrane mimics to elucidate complex concepts such
as compartmentalization, encapsulation and release, selective transport, 30,31,34,35 fusion and
fission37,38 in cell biology and glycobiology39. Intriguingly, while searching for the minimum
concentration of sugar from JGDs that aggregates proteins, we discovered that sequence-defined
monodisperse JGDs containing d-lactose (Lac) or d-mannose exhibit higher activity towards sugarbinding proteins known as lectins and galectins with decreasing sugar density. 40,41 This unexpected
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inverse relationship between sugar density and aggregation of lectins is exactly the opposite
expected from kinetics and multivalency.42,43 Although the molecular structure of the JGDs
exhibiting increased reactivity with decreasing sugar density was already discovered,40,41 the 3dimensional arrangement of JGDs providing this function is not understood. Indeed, elucidating the
arrangement of glycoconjugates responsible for communication and recognition between cells, and
cells with proteins,39,44 remains a major challenge that must be solved to enable the design of
glycoconjugate-based biomaterials, and progress towards this goal is reported here. Seminal
models of the structure of the cell membrane, including the lipid bilayer sea of the fluid mosaic
model45 and the microsegregated rafts model,46,47 recognize that there are certain structures
responsible for sugar, also known as glycan, activity but have not fully elucidated the details of
those structures. This is mostly since X-ray and other diffraction methods employed in the structural
and retrostructural analysis of other dendrimer assemblies cannot be applied to the analysis of fluid
natural and synthetic cells.
In this report, we present the discovery that analysis of GDS atomic force microscopy images and
their associated fast Fourier transforms (FFT), plus molecular modeling, can address the question
of what architectures program enhanced glycan function of JGDs vesicles. This diffraction-like
methodology reveals a complex48,49 hierarchical self-organization of sugar moieties arranged into
lamellar and hexagonal nanophase separated periodic arrays that are responsible for the enhanced
glycan activity. These patterned self-organizing nanoarchitectures may provide a general
mechanism to program and encode biological recognition and function of glycan, not only on GDSs,
but also on the surface of different vesicles containing glycoconjugates such as liposomes,
polymersomes, synthetic cells, hybrid cells, and other globular assemblies.
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11.2

Results and Discussion

11.2.1 Accelerated Modular Synthesis of Janus Dendrimers, Janus Glycodendrimers, and
Sequence-Defined Janus Glycodendrimers
Glycodendrimersomes were self-assembled from sequence-defined JGDs (Figure 11.1 and 11.2a)
and mixtures of JDs (Figure 11.2b) with JGDs with high sugar density (Figure 11.2c).

Figure 11.1. Molecular structures of Janus dendrimers (JD) and Janus glycodendrimers
(JGD). Structures are shown for (top) JD-1 and JD-2, high-sugar density JGD-1Lac, JGD-2Lac, and
JGD-4Lac, and sequence-defined JGD(3/1Lac), JGD(6/1Lac), (bottom) JGD(8/1Lac2S), JGD(8/1Lac3S),
JGD(8/1Lac2L), and JGD(8/1Lac3L).
All JGDs in this work contain Lactose (Lac), a sugar commonly found on human cells, and
triethylene glycol (3EO) fragments (Figure 11.1 and 11.2d) as their hydrophilic components. The
synthesis of JGD-4Lac is shown in Scheme 11.1. JGD-4Lac was synthesized from the hydrophobic
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dendron containing 3,5-bis(dodecyloxy)benzoic esters 1, followed by esterification to the protected
pentaerythritol 2 to produce 3 in 82% yield. After deprotection by hydrogenolysis catalyzed by 10%
palladium on carbon (in 95% yield), esterification of diol 4 with alkyne-functionalized acid 5
generated the precursor 6 (in 66% yield) containing four 3,5-bis(dodecyloxy)benzoic esters and
four alkynes that were required for the following “click” reaction. The copper-catalyzed azide-alkyne
“click” reaction was performed in dimethylformamide with a Lac residue appended with an azideterminated 3EO linker 7 to give JGD-4Lac in 78% yield.
Scheme 11.1. Synthesis of JGD-4 a

a

Reagents and conditions: (i) DPTS, DCC, DCM, 23 °C; (ii) 10% Pd/C, H2, DCM, MeOH, 23 °C;
(iii) DPTS, DCC, DCM, 23 °C; (iv) CuSO4·5H2O, sodium ascorbate, DMF, H2O, 23 °C.
Other JDs and JGDs (Figure 11.1) were prepared as previously reported by accelerated iterative
modular synthesis30,40,50 similar to JGD-4Lac. These JDs and JGDs share the same hydrophobic
part containing 3,5-bis(dodecyloxy)benzoic esters. Single-single type JD-1 and twin-twin type JD2 were selected for the co-assembly. A library including high-sugar density single-single JGD-1Lac,
twin-twin JGD-2Lac, and tetra-tetra JGD-4Lac, and sequence defined JGDs with relatively low-sugar
density were involved in this study. The sugar densities decreased from 100% Lac (JGD-1Lac, JGD2Lac, and JGD-4Lac) to 3/1 (3EO/Lac) for JGD(3/1Lac), 6/1 (3EO/Lac) for JGD(6/1Lac), and 8/1
(3EO/Lac) for JGD(8/1Lac2S), JGD(8/1Lac3S), JGD(8/1Lac2L), and JGD(8/1Lac3L).
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The position of Lac on the hydrophilic 3EO dendrons was tuned in the 8/1 (3EO/Lac) sequencedefined JGDs. Lac was appended in the 2-position (counted from left to right) of the gallic amide
for JGD(8/1Lac2S) and JGD(8/1Lac2L), and in the 3-position for JGD(8/1Lac3S) and JGD(8/1Lac3L). The
linker lengths of the sequence-defined JGDs were changed from a single 3EO unit (short linker,
denoted as S) in JGD(8/1Lac2S) and JGD(8/1Lac3S) to two 3EO units (long linker, denoted as L) in
JGD(8/1Lac2L) and JGD(8/1Lac3L).
11.2.2 Hierarchical Periodic Glycan Arrays Self-organized by Self-assembly of HighDensity and Sequence-Defined JGDs
Lectins and galectins are proteins which recognize glycoconjugates on the cell membranes and
thus aggregate cells. GDSs self-assembled from libraries of JDs unveiled how the structures of
lectins and galectins affect their bioactivities towards crosslinking cell-like GDSs and the functional
pairing between the cognate sugars and lectins. 51–54 Due to the simple unilamellar structures selfassembled by Lac-presenting JDs compared with onion-like multilamellar vesicles self-assembled
by d-mannose-presenting JDs, a library of Lac-presenting JDs was selected for the present study.

Figure 11.2. Molecular architecture of JDs and JGDs containing defined glycan sequence
and density. a, Sequence-defined JGD(6/1Lac), JGD(8/1Lac2S), JGD(8/1Lac3S), JGD(8/1Lac2L), and
JGD(8/1Lac3L) with different Lac density, sequence, and linker length. b, c, Self-assembly of
JGD(3/1Lac), and co-assembly of JD-1 or JD-2 with single-single JGD-1Lac, 0.5 × twin-twin JGD2Lac, or 0.25 × tetra-tetra JGD-4Lac, provide identical compositions with different sequences. JDs
and JGDs are labeled in yellow (b) or pink (c) boxes, respectively. d, Schematic representation of
JD building blocks. e, Summary of aggregation assay data using GDSs from self-assembly of
sequence-defined JGDs (Lac = 0.1 mM, 900 µL) with Gal-1 (1 mg·mL–1, 100 µL).
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Aggregation of GDSs with wild-type human galectin-1 (Gal-1) (Figures 11.2e, A11.1, and A11.2)
reproduces the unexpected but general trend of an increase in activity of GDSs with decreasing
density of sugars reported previously in both unilamellar40 and onion-like41 GDSs. There is a
modest increase in the activity from JGD-1Lac to JGD-2Lac, and to JGD-4Lac (Figures 11.2e and
A11.1), as expected by multivalency.42,43 The same trend is also observed during their co-assembly
with JD-1, increasing from JGD-1Lac to JGD-2Lac and JGD-4Lac (Figures 11.2e and A11.3).
Remarkable is the similar activity of JGD(3/1Lac) and JGD-2Lac (Figure 11.2e). This suggests that
the Lac moiety of JGD(3/1Lac) self-organizes next to another Lac, thus creating most probably Lac–
Lac (Lac2) dimer sequences similar to those of JGD-2Lac, rather than Lac–3EO (Lac1) sequences
as in JGD(3/1Lac). These two different sequence arrangements (Lac 1 and Lac2) are illustrated in
Figure 11.3a. There is a marked increase in aggregation activity when the sugar density is
decreased, in sequence-defined JGD(6/1Lac), JGD(8/1Lac2S), JGD(8/1Lac3S), JGD(8/1Lac2L), and
JGD(8/1Lac3L) (Figures 11. 2e and A11.2).

Figure 11.3. Sequence-defined supramolecular assemblies of carbohydrates clustered on
GDS membrane via self-assembly and co-assembly. a, Self-assembly of twin-mixed
JGD(3/1Lac). b, Co-assembly of single-single Janus dendrimer JD-1 with single-single (JGD-1Lac),
one half of twin-twin (JGD-2Lac), or one quarter of tetra-tetra (JGD-4Lac) JGDs. 1-Dimensional
supramolecular assembly is shown as a simplified model of 2-dimensional assembly on the
membrane surface.
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11.2.3 Structural Analysis of Lamellar Periodic Glycan Arrays of Giant GDSs Self-organized
from High-Density and Sequence-Defined JGDs
A structural analysis methodology using atomic force microscopy (AFM), FFT, and molecular
modeling, was used to investigate the structures of GDSs (Figure 11.4a). Giant GDSs prepared by
thin film hydration were utilized, as the dimensions of giant GDSs (micron scale) rather than those
of small GDSs (100–200 nm) are required to access analysis of hierarchical nanodomains by AFM.
FFT provides a diffraction-like pattern that is used for structural and retrostructural analysis.

Figure 11.4. Surface topology of GDS formed by self-organization of JGDs depends on
glycan sequence and density. a, Illustration of combined AFM, fast Fourier transform, and
modeling methodology for structural analysis. b, JGD-2Lac; c, JGD-4Lac; d, JGD(6/1Lac); e,
JGD(8/1Lac3L). (Inset, c–e) FFT of AFM phase images. Color code: red, sugars; blue, hydrophilic
3EO; green, hydrophobic alkyl.
Giant GDSs prepared from JGD-1Lac and JGD-2Lac display a very smooth and compact surface
(Figure 11.4b) while those prepared from JGD-4Lac (Figure 4c), JGD(3/1Lac), JGD(6/1Lac),
JGD(8/1Lac2S), and JGD(8/1Lac3S) (Figure 11.4d) unexpectedly exhibit hierarchical lamellar
morphologies. Additional sequence-defined JGDs in which Lac is attached via a two-3EO linker
JGD(8/1Lac2L), and JGD(8/1Lac3L) (Figure 11.2a) generate GDSs which exhibit hierarchical periodic
arrays of glycans with hexagonal patterns (Figure 11.4e). Although the lamellar and hexagonal
periodicities of these glycan arrays resemble those of supramolecular dendrimers 10,15 and block
copolymers,17–21 the 3-dimensional structures of these GDSs represent an unprecedented
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arrangement of building blocks on the surface of a vesicle. Detailed AFM images including phase
and height profiles, and additional modeling of DSs and GDSs of self-assembled JDs and JGDs,
are available in Figures A11.4–A11.10.
What is the mechanism via which hierarchical periodic glycan arrays with programmed activity are
generated? Homogeneous and densely packed surfaces were observed only for single-single
JGD-1Lac and twin-twin JGD-2Lac (Figure 11.1 and 11.2b) that can self-organize into GDSs with
high density bilayers (Figure 11.4b). In contrast, tetra-tetra JGD-4Lac and all sequence-defined
JGDs present more complex, hierarchically self-organized nanodomain patterns (Figure 11.4c–e)
with lamellar and hexagonal morphologies. The nanosegregation of sequence-defined JGDs may
be anticipated since they are generated from dissimilar hydrophilic chemical fragments. However,
the formation of nanosegregated domains by JGD-4Lac is unexpected. Molecular modeling (Figure
11.5a, b) suggests that Lac moieties seek to maximize their interactions with each other. This can
be achieved without nanosegregation in densely packed JGD-1Lac and JGD-2Lac (Figure 11.4c). In
contrast, the sugar moieties of JGD-4Lac must cluster together to maximize interactions, resulting
in alternating high- and low-density regions of Lac that exhibit a lamellar periodic array (Figure
11.4c and 11.5a, b). The change from JGD-2Lac to JGD-4Lac resembles the classic polymer effect
that provides a transition from rigid to flexible backbone conformation. 3
Sequence-defined JGD(6/1Lac), JGD(8/1Lac2S), and JGD(8/1Lac3S) with programmed enhanced
activity generate similar periodic lamellar structures to JGD-4Lac, except that both the sugar density
and the steric interactions are lower than in JGD-4Lac (Figures 11.4c, d, and A11.10). Consequently,
the clusters of sugars on the surface of the GDSs self-assembled from sequence-defined JGDs
are more accessible to lectin and aggregation is therefore more efficient (Figure 11.2e).
11.2.4 Structural Analysis of Hexagonal Periodic Glycan Arrays of Giant GDSs Selforganized from Sequence-Defined JGDs
In contrast, JGD(8/1Lac2L) and JGD(8/1Lac3L) exhibit periodic hexagonal arrays (Figure 11.4e), as
demonstrated by indexing the FFT of their AFM phase images (shown for JGD(8/1Lac3L) in Figure
11.5c). This hexagonal periodic array provides an alternative morphology to enhance sugar activity.
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AFM height analysis (Figure 11.5d, right) shows that the isolated domains are thinner (darker in
Figure 11.5d) compared to the continuous domain (lighter in Figure 11.5d). This suggests that the
Lac moieties form the continuous domain.

Figure 11.5. Models of nanosegregated bilayer structures. a, b, Models of JGD-4Lac: a, single
sugar cluster comprising three molecules on each side of the bilayer; b, sugar clusters in bilayer.
c, FFT of the AFM phase image of JGD(8/1Lac3L) (Figure 4e) shows multiple features consistent
with formation of a hexagonal array. Blue, yellow, and green circles indicate (10), (11), and (20)
features, respectively. The theoretical ratio a:b:c for a hexagonal array is 1:√3(= 1.73):2; the
observed ratio a:b:c is 1:1.75:2.04. d, (left) Model of hexagonal nanosegregation and (right) AFM
height image of JGD(8/1Lac3L). e, Top view of bilayer model with all Lac moieties and three
highlighted JGD(8/1Lac3L) molecules in CPK view. f, Side view of a column of the bilayer of
JGD(8/1Lac3L).
A model of hexagonal nanosegregation consistent with analysis of the FFT of AFM images (Figure
11.5e, f) comprises 19 molecules of JGD(8/1Lac3L): Lac moieties (red, CPK view) interact at the
edge of the domain, while the hydrophilic (blue) and hydrophobic (green) components of
JGD(8/1Lac3L) occupy the remainder of the domain, in three concentric layers: an outer layer
(orange circles, I); an inner layer (purple circles, II); and a molecule at the center of the column
(yellow circle, III). The hydrophilic and hydrophobic components of one molecule from each
concentric layer are depicted in CPK view, while those of the other molecules are shown as faint
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line models for clarity. The linker of JGD(8/1Lac3L) molecules contains two 3EO units (Figure 11.1
and 11.2).
In molecules forming the outer layer (I), this linker is disordered beneath Lac. For molecules in the
inner layer (II), the linker is more extended to allow the Lac moiety to interact with sugars from
molecules in the outer layer (I). Finally, the linker of the central molecule of JGD(8/1Lac3L) (III) is
completely extended to allow interaction between sugars. A molecule at the center of a larger
domain would be unable to position its Lac moiety to allow for interaction with Lac moieties from
the outer (I) and inner (II) layers, and hence the linker may restrict the size of the periodic hexagonal
array. Conversely, the length of the two-3EO linker may be too long to allow sufficient confinement
in periodic lamellar domains, consistent with the observation of lamellar phases only for sequencedefined JGDs with shorter single-3EO linkers, JGD(3/1Lac), JGD(6/1Lac), JGD(8/1Lac2S), and
JGD(8/1Lac3S) (Figures 11.4d and A11.9b). These data, along with the generation of a hexagonal
periodic array by a second molecule with a two-3EO linker, JGD(8/1Lac3L) (Figure A11.9b), suggest
that the linker length determines the observed morphology.
A columnar section of the bilayer which comprises the repeating unit of the periodic hexagonal
array (Figure 11.5f) illustrates how hierarchical assembly of JGD(8/1Lac3L) (Figure 11.2a) containing
a non-aggregating single Lac becomes a very efficient ligand for aggregation with lectins. Both the
hexagonal and the non-dense lamellar arrays from Figure 11.4 and 11.5 indicate potential
mechanisms, which by steric constrain-release combined with self-organization (Figure 11.4c)
and/or only self-organization (Figure 11.4d, e, and 11.5f), generate more reactive glycan ligands
than those obtained from highly packed assemblies (Figure 11.4b). The clustering of sugars by
self-organization into lamellar and hexagonal periodic arrays reported here provides a mechanistic
explanation for the enhanced reactivity observed with sequence-defined JGDs and was not
predicted by the rafts model.46,47

401

11.2.5 Structural Analysis of Hierarchical Periodic Glycan Arrays of Giant GDSs Selforganized by Co-assembly of JDs and JGDs
The observation of nanoscale periodic arrays generated by single-component GDSs discussed
above prompted the investigation of GDSs co-assembled from two components, JD-2 and JGD1Lac, JGD-2Lac, or JGD-4Lac, to access multiscale architectures on the GDS surface.

Figure 11.6. Hierarchical surface clustering of JGDs in GDS formed by co-assembly of JGDs
and JDs. a–c, AFM height images of dry vesicles on mica prepared by co-assembly of JD-2 and
JGD-4Lac in molar ratios a, b, 2/1 and c, 8/1. Blue arrows indicate directions for analysis of height
profiles in d–f. g–k, AFM phase images. Black arrows indicate the regions of JGD-4Lac and JD-2
major components. (b, h) Magnified images of regions denoted by white dashed boxes in a and g.
j, k, Magnified images from h, i, of domains with JGD-4Lac as the major component. (Inset, j, k)
FFT of AFM phase images. l, Models of vesicles co-assembled by different ratios of JD-2 and JGD4Lac. (m) Model of bilayer in the predominantly JGD-4Lac domain co-assembled by JD-2 and JGD4Lac (2/1, mol/mol). Color code: red, sugars; blue, hydrophilic 3EO; green, hydrophobic alkyl.
Analysis of mixtures of JD-2/JGD-4Lac with molar ratios of 2/1 (Figure 11.6a, b) and 8/1 (Figure
11.6c) demonstrated phase-separated domains generated from the two components employed in
the co-assembly process. The height of the two domains was estimated from the AFM height
profiles measured along the broken lines in Figure 11.6a–c and plotted in Figure 11.6d–f. The
difference in height between the thicker and thinner domains is between 1.6 and 2.4 nm,
corresponding approximately to the height of Lac. The larger heights of about 13 nm (Figure 11.6d)
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correspond to the height of two bilayers generated during the collapse of GDS (Figure 11.4a) that
are visualized individually (Figure 11.6f). Magnified phase images (Figure 11.6h–k) are shown
together with their FFT. Cryo-transmission electron microscopy (cryo-TEM) images of coassembled GDSs are presented in Figure 11.7.

Figure 11.7. Cryogenic transmission electron microscopy (Cryo-TEM) images of GDSs. a,
Cryo-TEM of co-assembly of JD-1 and JGD-1Lac (1/1, mol/mol); b, Cryo-TEM co-assembly of JD1 and JGD-4Lac (4/1, mol/mol); c, AFM of co-assembly of JD-2 and JGD-4Lac (2/1, mol/mol).
Co-assembly of JD-2 with JGD-1Lac or JGD-2Lac (Figure A11.11) induces the formation of
hierarchical lamellar periodic arrays (Figure A11.12), whereas single-component GDSs, selfassembled from JGD-1Lac and JGD-2Lac, exhibit homogenous densely packed structures (Figure
11.4b). Unlike JGD-1Lac and JGD-2Lac, single-component GDSs self-assembled from JGD-4Lac
display lamellar patterning (Figure 11.4c). In the 2/1 mixture (Figure 11.6g, h) of JD-2/JGD-4Lac,
JGD-4Lac comprises the major component of the continuous domain, which exhibits periodic
lamellar patterning (Figure 11.6j and l, left), consistent with the observation of lamellar morphology
on the surface of single-component JGD-4Lac GDSs (Figure 11.4c).
However, the incorporation of JD-2 into the lamellar structure of JGD-4Lac increases the lamellar
periodicity from 8.0 nm (Figure A11.9a) to 9.6 nm (Figure 11.6m). In contrast, the major component
of the continuous domain in the 8/1 mixture is JD-2, which exhibits no patterning due to its lack of
sugar moieties. Nanodomains of predominantly JGD-4Lac generate clusters with indeterminate
structure (Figure 11.6k and l, right). Segregation between JD-2 and JGD-4Lac occurs on both the
micro- and nanoscale.55 This micro- and nano-segregation of membrane components with identical
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hydrophobic portions has not yet been observed in liposomes, polymersomes, or hybrid lipid-block
copolymer vesicles.56

11.3

Conclusions

The structures, morphologies and mechanisms via which sequence-defined GDSs with decreasing
sugar concentration provide enhanced glycan activity have been elucidated by a diffraction-like
analysis methodology employed to study a cell membrane mimic. GDSs assembled from JGD-1Lac
and JGD-2Lac (Figure 11.2c) display a very condensed arrangement of Lac units on their surface
(Figure 11.4a). GDSs programmed to exhibit higher activity by self-assembly of sequence-defined
JGDs (Figure 11.2a and 11.4b–d) or by co-assembly of JGD-1Lac, JGD-2Lac and JGD-4Lac with JD1 or JD-2 (Figures 11.2b–c, 11.5, A11.2b, and A11.3) self-organize hierarchical periodic arrays of
glycans that reduce the dense packing of Lac. Unfavorable steric interactions are reduced by the
generation of these morphologies, resulting in an increase of the rate constant of aggregation,
which overcomes the decrease in the concentration of the sugar on the GDS surface. This finding
seemingly contradicts classic kinetic and multivalency principles,42,43 but is consistent with previous
studies of self-assembled monolayers of sugars on gold surfaces which demonstrated that lower
sugar density provides higher affinity when applied as biosensors for lectins and viruses.57
However, in those studies, the arrangement of sugars within the monolayer was not elucidated and
the topology of a self-assembled monolayer differs substantially from that of the cell membrane
bilayer. The hierarchical segregation of JDs and JGDs that have identical hydrophobic segments
and differ only in their hydrophilic parts is novel for the self-assembly of vesicles. Although
hierarchical lamellar and hexagonal arrays exhibit periodicities already observed in complex soft
matter, they represent an unprecedented arrangement of different building blocks and architectures
within the surface of a vesicle that represents a cell-membrane mimic. Neither the fluid mosaic
model of the structure of cell membranes45 nor the rafts membrane-organizing principles46,47 have
predicted these glycan nanodomain morphologies on the structure of biological cell membranes or
even on the structure of biological membrane mimics.
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These patterned nanoarchitectures are among the most complex structures yet discovered either
on a planar or non-planar surface.55,58,59 They provide a powerful example in which structure
determines function,3,10–14,60 in this particular example how different supramolecular assemblies
encode biological recognition. This supramolecular patterning offers a fundamental mechanism for
programming enhanced activity via the surface morphology of other globular glycoconjugate
assemblies, such as liposomes, polymersomes, and cell-like hybrids.35 This approach informs a
general design and structural analysis principle for active complex soft matter 48,49 that will evolve
into technological applications in materials, biology, chemistry, catalysis, and nanomedicine. 61

11.4

Experimental Section

11.4.1 Materials
All reagents were obtained from commercial sources and used without purification unless otherwise
stated. CH2Cl2 (DCM) was dried over CaH2 and freshly distilled before use. DMF was dried from
CaH2, distilled, and kept over molecular sieves prior to use. Solvents and reagents were
deoxygenated when necessary by purging with nitrogen. Milli-Q water obtained by Milli-Q UV plus
with the resistivity 18.2 MΩ·cm was used for the preparation of phosphate-buffered saline (PBS).
PBS (1×) was obtained by dissolving 8 g of NaCl, 0.2 g of KCl, 1.44 g of Na 2HPO4 and 0.24 g of
KH2PO4 in 800 mL of Milli-Q water, adjusted to pH = 7.4 and diluted to 1,000 mL. The wild-type
galectins were obtained by recombinant production and purification by affinity chromatography as
crucial step, in each case rigorously checked for purity by one- and two-dimensional gel
electrophoresis, mass spectrometry including peptide fingerprinting and gel filtration. Quaternary
structure was also assessed by ultracentrifugation. Haemagglutination assays served as activity
control. Respective protocols have been reported previously for Gal-1.62 No unexpected or
unusually high safety hazards were encountered.
11.4.2 Techniques
Characterization of identity and purity of synthetic products. 1H and 13C NMR spectra were recorded
at 500 MHz and 126 MHz respectively, on a Bruker DRX (500 MHz) NMR spectrometer. All NMR
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spectra were measured at 23 °C in CDCl3. Chemical shifts (δ) are reported in ppm and coupling
constants (J) are reported in Hertz (Hz). The resonance multiplicities in the 1H NMR spectra are
described as “s” (singlet), “d” (doublet), “t” (triplet), “quint” (quintet) and “m” (multiplet) and broad
resonances are indicated by “br”. Residual protic solvent of CDCl3 (1H, δ 7.26 ppm;

13C,

δ 77.16

ppm), or DMSO-d6 (1H, δ 2.50 ppm; 13C, δ 39.52 ppm), and tetramethylsilane (TMS, δ 0 ppm) were
used as the internal reference in the 1H- and

13C-NMR

spectra. The absorptions are given in

wavenumbers (cm–1). Evolution of the reaction was monitored by thin-layer chromatography (TLC)
using silica gel 60 F254 precoated plates (E. Merck) and compounds were visualized by UV light
with a wavelength of 254 or 356 nm. Purifications by flash column chromatography were performed
using flash silica gel from Silicycle (60 Å, 40–63 µm) with the indicated eluent. The purity of the
products was determined by a combination of TLC and high-pressure liquid chromatography
(HPLC) was carried out using Shimadzu LC-20AD high-performance liquid chromatograph pump,
a PE Nelson Analytical 900 Series integration data station, a Shimadzu RID-10A refractive index
(RI) detector, a Shimadzu SPD-10A VP (UV-vis, λ = 254 nm) and three AM gel columns (a guard
column, two 500 Å, 10 µm columns). THF was used as solvent at the oven temperature of 23 ºC.
Detection was done by UV absorbance at 254 nm. MALDI-TOF mass spectrometry was performed
on a PerSeptive Biosystem- Voyager-DE (Framingham, MA) mass spectrometer equipped with
nitrogen laser (337 nm) and operating in linear mode. Internal calibration was performed using
Angiotensin II and Bombesin as standards. The analytical sample was obtained by mixing the THF
solution of the sample (5–10 mg/mL) and THF solution of the matrix (2,5-dihydroxybenzoic acid,
10 mg/mL) in a 1/5 (v/v) ratio. The prepared solution of the sample and the matrix (0.5 µL) was
loaded on the MALDI plate and allowed to dry at 23 ºC before the plate was inserted into the
vacuum chamber of the MALDI instrument. The laser steps and voltages applied were adjusted
depending on both the molecular weight and the nature of each analyzed compound. Elemental
analysis was performed by M-H-W Laboratories (Phoenix, AZ).
Preparation of nanoscale glycodendrimersomes by injection. A stock solution was prepared by
dissolving the required amount of amphiphilic JGDs and/or JDs in THF. GDSs were then generated
by injection of 50 µL of the stock solution into 1.0 mL PBS, followed by 5 s vortexing.
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Preparation of giant GDSs by hydration. A solution of JGDs and/or JDs in THF was deposited on
the top surface of a roughened Teflon sheet (1 cm 2), placed in a flat-bottom vial, followed by
evaporation of the solvent for 2 h. The Teflon sheet was dried in vacuo for an additional 12 h. MilliQ water (2.0 mL) was added to submerge the film on the Teflon sheet, and the vial was placed in
a 60 °C oven for 12 h for hydration. The sample was then mixed using a vortex mixer for 30 s with
a final concentration of 1 mg·mL−1.
Dynamic light scattering (DLS). DLS was performed with a Malvern Instruments particle sizer
(Zetasizer® Nano S, Malvern Instruments, UK) equipped with 4 mW He-Ne laser 633 nm and
avalanche photodiode positioned at 175º to the beam and temperature-controlled cuvette holder.
Instrument parameters were determined automatically along with measurement times.
Experiments were performed in triplicate.
Atomic force microscopy (AFM). The GDSs in water (~0.3 mg·mL–1) were deposited and slowly
dried on the freshly peeled mica. All images were acquired with a Multimode Atomic Force
Microscope NanoScope V (Digital Instruments) as topological scans in tapping mode in air, using
silicon probes OTESPA-R3 (Bruker) with a nominal spring constant of 26 N·m –1 and a tip radius of
7 nm. The phase images were obtained by monitoring the phase lag of the cantilever vibration
compared to the z-piezo drive voltage while the probe scans the surface with a preset constant
amplitude of vibration. The phase data contain additional information about the tip-sample
interactions resulting from adhesion, surface stiffness, and viscoelastic effects. The AFM scans
including fast Fourier transform (FFT) were analyzed using Gwyddion software.
Cryogenic transmission electron microscopy (cryo-TEM). Cryo-TEM micrographs were taken on a
Carl Zeiss Libra 120 Microscope (Oberkochen, Germany). Cryo-TEM samples were prepared by
plunge freezing of aqueous dispersion on plasma-treated lacey grids. The vitrified specimens were
transferred to a Gatan-910 cryo-holder. The images were recorded at a temperature of –170 °C
with an acceleration voltage of 120 kV. The GDS vesicle structures of JD-1, JD-2, JGD-1Lac,
JGD-2Lac,

JGD(3/1Lac),

JGD(6/1Lac),

JGD(8/1Lac2S),

JGD(8/1Lac3L) were previously characterized.30,40,50,52
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JGD(8/1Lac3S),

JGD(8/1Lac2L),

and

Modeling of bilayers and vesicles. Models of bilayers in Figures 11.4–11.6 and A11.10 are idealized
depictions of the arrangement of Janus dendrimers and glycodendrimers within a vesicle,
consistent with height and phase profiles obtained by AFM. The energy of molecular structures was
minimized using Chem3D (MM2 module), and then the torsional angles of bonds at the core of the
dendrimer were modified in Accelrys Discovery Studio to provide segregation between the
hydrophilic and hydrophobic portions of the molecule. Assemblies were generated by manual
placement of molecules in Accelrys DS ViewerPro 5.0. The height profile of the assembly model
was calculated and compared against experimental data obtained from AFM. The model was
iteratively refined until good agreement between calculated height profile and experimental height
or phase profile was obtained.
Models of vesicles in Figure 11.4 and 11.6l are schematic depictions of the general topology of the
surface of the GDS vesicle and are not to scale. These models were prepared using Autodesk 3DS
Max 2017.
Aggregation assays. Aggregation assays of GDSs with lectins were monitored in semi-micro
disposable cuvettes (path length, l = 0.23 cm) at 23 °C at wavelength λ = 450 nm by using a
Shimadzu UV-vis spectrophotometer UV-1601 with Shimadzu/UV Probe software in kinetic mode.
PBS solution of galectin (100 µL) was injected into PBS solution of GDSs (900 µL). The cuvette
was shaken by hand for 1–2 s before data collection was started. The same solution of GDSs
solution was used as a reference. PBS solutions of galectin were prepared before the agglutination
assays and were maintained at 0 °C (ice bath) before data collection.
11.4.3 Synthesis
2,2-Bis(3,5-didodecyloxybenzonate)propionic

acid

(1),40

(2-phenyl-1,3-dioxane-5,5-

diyl)dimethanol (2),30 2-methyl-3-(prop-2-yn-1-yloxy)-2-((prop-2-yn-1-yloxy)methyl)propanoic acid
(5),63

2-[2-(2-Azidoethoxy)ethoxy]ethyl

4-O-β-D-galactopyranosyl-β-D-glucopyranoside

(7),54

single-single Janus dendrimer JD-1,50 twin-twin Janus dendrimer JD-2,30 single-single Janus
glycodendrimer JGD-1Lac,52 twin-twin Janus glycodendrimer JGD-2Lac,52 twin-mixed Janus
glycodendrimer

JGD(3/1Lac),52

sequence-defined
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Janus

glycodendrimers

JGD(6/1Lac),40

JGD(8/1Lac2S),40 JGD(8/1Lac3S),40 JGD(8/1 2L),40 and JGD(8/1Lac3L)40 were prepared according to
literature procedures.
Synthesis of Compound 3. To a DCM (10 mL) solution of compound 1 (1.50 g, 1.39 mmol),
compound 2 (141 mg, 0.63 mmol) and 4-(dimethylamino)pyridinium 4-toluenesulfonate (DPTS)64
(409 mg, 1.39 mmol), was added N,N'-dicyclohexylcarbodiimide (DCC) (520 mg, 2.52 mmol). The
mixture was allowed to stir at 23 ºC for 24 h. The DCU precipitate was filtered, and the filtrate was
concentrated to dryness. The crude product was further purified by silica column chromatography
with a mobile phase of hexane/DCM = 1/1 to 1/2 (v/v) to yield compound 3 as a colorless oily liquid
(1.08 g, 73%). 1H NMR (500 MHz, CDCl3) δ = 7.29 (m, 5H, 5×PhH), 7.09 (d, 8H, J = 2.2 Hz, 8×PhH),
6.60–6.61 (t, 4H, J = 2.2 Hz, 4×PhH), 5.20 (s, 1H, Ph-CH(OCH2-)2), 4.47–4.61 (m, 10H, 10×CHHO),
4.02–4.04 (d, 2H, J = 12 Hz, 2×CHHO), 3.98 (s, 2H, 2×CHHO), 3.90–3.92 (t, 16H, J = 6.8 Hz,
8×OCH2CH2CH2(CH2)8CH3), 3.76–3.79 (d, 2H, J = 12 Hz, 2×CHHO), 1.70–1.77 (m, 16H,
8×OCH2CH2CH2(CH2)8CH3), 1.39–1.46 (m, 22H, 8×OCH2CH2CH2(CH2)8CH3 and 2×CH3), 1.26–
1.30 (m, 128H, 8×OCH2CH2CH2(CH2)8CH3), 0.87–0.90 (m, 24H, 8×OCH2CH2CH2(CH2)8CH3).
13C

NMR (126 MHz, CDCl3) δ = 172.28, 172.23, 165.86, 165.83, 160.37, 160.31, 137.64, 131.31,

131.25, 128.98, 128.19, 126.09, 107.82, 107.78, 106.76, 106.67, 101.93, 69.24, 68.41, 68.38,
65.93, 63.82, 63.40, 47.13, 47.11, 37.80, 32.03, 29.79, 29.76, 29.74, 29.70, 29.53, 29.47, 29.30,
26.14, 22.79, 18.23, 28.14, 14.20.
Synthesis of Compound 4. To a mixed DCM (50 mL) and MeOH (25 mL) solution of compound 3
(1.08 g, 0.46 mmol) was added palladium on carbon (10% Pd/C, 100 mg). The mixture was bubbled
with H2 for 30 min and then allowed to stir at 23 ºC for 12 h under H 2 atmosphere. The mixture was
then filtered through Celite®. The filtrate was concentrated to dryness under reduced pressure to
yield compound 4 as an oily liquid (0.99 g, 95%). 1H NMR (500 MHz, CDCl3) δ = 7.09 (d, 8H, J =
2.2 Hz, 8×PhH), 6.62 (t, 4H, J = 2.2 Hz, 4×PhH), 4.57–4.59 (d, 4H, J = 11.5 Hz, 4×CHHO), 4.49–
4.51 (d, 4H, J = 11.5 Hz, 4×CHHO), 4.20 (s, 4H, 2×CH2), 3.92–3.95

(t,

16H,

J

=

6.5

Hz,

8×OCH2CH2CH2(CH2)8CH3), 3.59–3.60 (d, 4H, J = 6 Hz, 2×CH2OH), 2.68–2.71 (t, 2H, J = 6 Hz,
2×CH2OH),

1.72–1.78

(m,

16H,

8×OCH2CH2CH2(CH2)8CH3),

1.39–1.45

(m,

16H,

8×OCH2CH2CH2(CH2)8CH3), 1.26–1.30 (m, 134H, 8×OCH2CH2CH2(CH2)8CH3 and 2×CH3), 0.86–
409

0.89 (m, 24H, 8×OCH2CH2CH2(CH2)8CH3).

13C

NMR (126 MHz, CDCl3) δ = 173.00, 165.96,

160.32, 131.22, 107.90, 106.67, 68.47, 66.06, 63.26, 61.85, 47.27, 45.29, 32.04, 29.80, 29.76,
29.74, 29.71, 29.53, 29.48, 29.30, 26.14, 22.80, 18.10, 14.21.
Synthesis of Compound 6. To a DCM (10 mL) solution of compound 4 (0.99 g, 0.44 mmol),
compound 5 (368 mg, 1.75 mmol) and DPTS (515 mg, 1.75 mmol), was added DCC (722 mg, 3.5
mmol). The mixture was allowed to stir at 23 ºC for 24 h. The DCU precipitate was filtered, and the
filtrate was concentrated to dryness. The crude product was further purified by silica column
chromatography with a mobile phase of hexane/DCM = 7/1 to yield compound 6 as an oily liquid
(0.77 g, 66%). Purity (HPLC): 99%+. 1H NMR (500 MHz, CDCl3) δ = 7.08 (d, 8H, J = 2.2 Hz,
8×PhH), 6.60 (t, 4H, J = 2.2 Hz, 4×PhH), 4.60–4.62 (d, 4H, J = 11.5 Hz, 4×CHHO), 4.45–4.47 (d,
4H, J = 11.5 Hz, 4×CHHO), 4.20 (s, 4H, 2×CH2), 4.17 (s, 4H, 2×CH2), 4.06 (s, 8H, 4×CH2), 3.91–
3.94 (t, 16H, J = 6.5 Hz, 8×OCH2CH2CH2(CH2)8CH3), 3.51 (s, 8H, 4×OCH2CCH), 2.41–2.42 (t, 4H,
J = 2.3 Hz, OCH2CCH), 1.72–1.78 (m, 16H, 8×OCH2CH2CH2(CH2)8CH3), 1.38–1.46 (m, 16H,
8×OCH2CH2CH2(CH2)8CH3), 1.26–1.32 (m, 134H, 8×OCH2CH2CH2(CH2)8CH3 and 2×CH3), 1.11
(s, 6H, 2×CH3), 0.86–0.89 (m, 24H, 8×OCH2CH2CH2(CH2)8CH3).

13C

NMR (126 MHz, CDCl3) δ =

173.14, 171.96, 165.96, 160.31, 131.44, 107.9, 106.6, 79.62, 74.86, 71.71, 68.43, 65.73, 62.61,
61.35, 58.62, 48.21, 46.96, 43.44, 32.05, 29.81, 29.77, 29.76, 29.72, 29.56, 29.48, 29.34, 26.17,
22.81, 18.15, 17.88, 14.23. MALDI-TOF (m/z): [M+K]+ calcd for C161H260KO28, 2682.9; found
2683.9.
Synthesis of JGD-4Lac. To a mixed solution of compound 6 (230 mg, 0.087 mmol) and 7 (219 mg,
0.44 mmol) in DMF (10 mL), was added CuSO4·5H2O (110 mg, 0.44 mmol) in water (1 mL), and
sodium ascorbate (174 mg, 0.88 mmol) in water (1 mL) successively under nitrogen atmosphere.
The reaction mixture was allowed to stir at 23 ºC for 24 h. The reaction mixture was concentrated
to dryness under reduced pressure. The crude product was stirred with NH3/NH4Cl buffer (pH = 10)
for 30 min to remove the copper ions and then extracted with DCM. The DCM solution was dried
by Na2SO4 and was further purified by Sephadex® LH-20 (Sigma-Aldrich) gel filtration
chromatography (in 1 cm2 × 40 cm column) with a mobile phase of CHCl3/MeOH (1/1, v/v) to yield
JGD-4Lac as white solid (316 mg, 78%). Purity (HPLC): 99%+. 1H NMR (500 MHz, DMSO-d6) δ =
410

7.96 (s, 4H, 4×triazole-H), 7.08 (s, 8H, 8×PhH), 6.60 (s, 4H, 4×PhH), 5.09–5.10 (d, 4H, J = 5 Hz),
5.07–5.08 (d, 4H, J = 4 Hz), 4.75–4.76 (d, 4H, J = 5 Hz), 4.67 (s, 4H), 4.62–4.64 (m, 6H), 4.53–
4.56 (m, 6H), 4.47–4.50 (m, 16H), 4.43 (m, 8H), 4.20–4.22 (m, 10H), 3.72–3.85 (m, 36H), 3.62
(m, 10H), 3.47–3.58 (m, 56H), 3.25–3.30 (m,

20H),

3.00–3.02

(m,

4H),

1.53

(m,

16H,

8×OCH2CH2CH2(CH2)8CH3), 1.24 (m, 24H, 8×OCH2CH2CH2(CH2)8CH3 and 2×CH3), 1.11 (m,
128H,

8×OCH2CH2CH2(CH2)8CH3),

1.00

(s,

6H,

2×CH3),

0.73–0.75

(m,

24H,

8×OCH2CH2CH2(CH2)8CH3). 13C NMR (126 MHz, DMSO-d6) δ = 172.84, 171.45, 164.66, 159.51,
143.48, 131.00, 124.03, 106.85, 105.72, 103.83, 102.66, 80.70, 75.49, 74.97, 74.80, 73.23, 73.08,
71.63, 71.28, 70.57, 69.62, 69.49, 68.69, 68.14, 67.99, 67.34, 63.97, 60.51, 60.40, 49.26, 47.86,
46.16, 31.38, 29.20, 29.15, 28.92, 28.86, 28.61, 25.51, 22.10, 17.56, 17.40, 13.53. MALDI-TOF
(m/z): [M+K]+ calcd for C233H392N12KO80, 4677.4; found 4675.1.
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APPENDIX TO CHAPTER 11
A11.1 Aggregation Assays

Figure A11.1. Aggregation assays of GDSs. Aggregation assays of GDSs (900 µL) from selfassembly of JGDs with high density of sugar with Gal-1 (1 mg·mL–1, 100 µL).

Figure A11.2. Aggregation assays of sequence-defined and co-assembled GDSs. a,
Aggregation assays of GDS (900 µL) from self-assembly of sequence-defined JGDs with low
density of sugar or co- assembly from JD-1/JGD-4 (12/1, mol/mol) with Gal-1 (1 mg·mL–1, 100 µL).
The sequence-defined oligomers JGD(6/1Lac), JGD(8/1Lac2S), JGD(8/1Lac3S), JGD(8/1Lac2L), and
JGD(8/1Lac3L) with [Lac] = 0.1 mM and [C12H25] = 0.8 mM show similar activity with Gal-1. For
JGD(3/1Lac), maintaining constant C12H25 concentration (0.8 mM) results in a higher Lac
concentration (0.2 mM) and reduces aggregation activity (grey line). Maintaining constant Lac
concentration (0.1 mM) results in a lower C 12H25 concentration (0.4 mM) and even lower
aggregation activity (black line). Co-assembly of JD-1/JGD- 4Lac (12/1, mol/mol) (red line) replicates
both the Lac and C12H25 concentrations of the sequence-defined oligomers and results in similar
aggregation activity towards Gal-1. b, Aggregation assays of GDSs (Lac = 0.2 mM, 900 µL) from
JD-2/JGD-4Lac (2/1, mol/mol, red); JD-2/JGD-2Lac (1/1, mol/mol, green); JD- 2/JGD-1Lac (1/2,
mol/mol, blue) with Gal-1 (1 mg·mL–1, 100 µL).
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Figure A11.3. Aggregation activity with co-assembled GDSs. a, Self-assembly of JGD, and coassembly of JD-1 with JGD-1Lac, 0.5 × JGD-2Lac, or 0.25 × JGD-4Lac. b, Aggregation assays in
PBS (pH 7.4) of GDSs (Lac = 0.2 mM, 900 µL) with Gal-1 (1 mg·mL–1, 100 µL). Diameters and
polydispersity (in parentheses) determined by DLS are indicated.
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A11.2 Atomic Force Microscopy

Figure A11.4. Atomic force microscopy (AFM) images and the corresponding height profile
of dry DSs on mica. a, JD-1; b, JD-2. Blue arrow indicates the direction for analysis of the height
profile. Melting point (Tm) of JD-1 and JD-2 determined by TA Instruments Q100 differential
scanning calorimeter. Distinct bilayers cannot be observed for JD-1, which is an oil at room
temperature (Tm = 9 °C). In contrast, bilayers are apparent for JD-2, which is a solid at room
temperature (Tm = 60 °C). Double bilayers arise from the collapse of the 3-dimensional DS onto a
flat mica substrate.
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Figure A11.5. Atomic force microscopy (AFM) images and the corresponding height profile
of dry GDSs on mica. a, JGD-1Lac; b, JGD-2Lac; c, JGD-4Lac; d, JGD(3/1Lac). Blue arrow indicates
the direction for analysis of the height profile. Double bilayers arise from the collapse of the
3-dimensional GDS onto a flat mica substrate.
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Figure A11.6. AFM images of dry GDSs on mica. Height and phase images of a, JGD(6/1Lac);
b, JGD(8/1Lac2S); c, JGD(8/1Lac3S); d, JGD(8/1Lac2L); e, JGD(8/1Lac3L). Blue arrows indicate the
directions for analysis of the height profiles (right). For all molecules, height profiles at the edge of
the dried sample show double and single bilayers. Double bilayers arise from the collapse of the 3dimensional GDS onto a flat mica substrate.
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Figure A11.7. AFM height images and height profile plots. Black lines numbered 1 to 6 indicate
the directions for analysis of the height profiles (right). Height profiles for the lamellar structures of
JGD(3/1Lac) and JGD(6/1Lac) show that the interlamellar spacing in both molecules is ~7 nm, but
that the relative height distance between lamellar striations is much larger for JGD(3/1Lac) (lines 1
to 3) than for JGD(6/1Lac) (lines 4 to 6).

Figure A11.8. AFM phase images and bilayer and vesicle models of dry GDSs on mica
prepared by self-assembly of JGDs. Self-assembly of GDSs with high density sugar from JGD1, JGD-2, and JGD-4. (Inset) Fast Fourier transform (FFT) of AFM phase images. Phase images
map material differences rather than height differences. For both JGD-1Lac and JGD-2Lac, the phase
images show a homogeneous pattern across the sample, suggesting that the surface of the GDS
is also homogeneous. In contrast, lamellar striations are apparent for JGD-4Lac (right), suggesting
a striated pattern on the surface of the GDS. FFT of the phase image of JGD-4Lac generates
features with a single distance, 7.9 nm, corresponding to the average distance between adjacent
lamellae on the GDS surface.
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Figure A11.9. AFM phase images and bilayer and vesicle models of dry GDSs on mica
prepared by self-assembly of JGDs. Self-assembly of GDSs with low density sugar from a,
JGD(3/1Lac), JGD(6/1Lac), JGD(8/1Lac2S), and JGD(8/1Lac3S) and b, JGD(8/1Lac2L) and
JGD(8/1Lac3L). (Inset) Fast Fourier transform (FFT) of AFM phase images. Phase images map
material differences rather than height differences. For JGD(3/1Lac), JGD(6/1Lac), JGD(8/1Lac2S),
and JGD(8/1Lac3S), lamellar striations are observed, corresponding to a lamellar morphology on the
GDS surface. Interlamellar spacing, determined by FFT, is 6.9 nm for all three molecules. The
phase images of JGD(8/1Lac2L) and JGD(8/1Lac3L) show a hexagonal pattern, which is confirmed by
indexing of the peaks obtained by FFT (Figure 11.5C).
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Figure A11.10. Models of the bilayer structures with nanosegregation. a, JGD-4Lac; b,
JGD(6/1Lac); c, JGD(3/1Lac). (left) Schematic depiction of single sugar cluster (side view). Sugars
are positioned to maximize hydrogen bonding interactions. The size of the sugar cluster is limited
by the length of the linker connecting the sugar to the dendrimer. (right) Schematic depiction of
bilayer (top view). This does not account for dynamics and disorder present in solution, but rather
depicts an idealized structure consistent with phase modulations observed by AFM.
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Figure A11.11. AFM images of GDSs. a, AFM of co-assembly of JD-2 and JGD-1Lac (1/2,
mol/mol); b, AFM of co-assembly of JD-2 and JGD-2Lac (1/1, mol/mol). Blue arrows indicate the
directions for analysis of the height profiles (center). Double bilayers are observed for both coassembled samples. The phase images show homogeneous membranes with nanosegregation
but without microsegregation.

Figure A11.12. AFM phase images and bilayer and vesicle models of dry GDSs on mica
prepared by co-assembly of JD-2 and JGDs. Co-assembly of GDSs from JD-2/JGD-1Lac, JD2/JGD-2Lac, and JD- 2/JGD-4Lac with variable molar ratios. (Inset) Fast Fourier transform (FFT) of
AFM phase images. Phase images map material differences rather than height differences. For coassembled mixtures of JD-2 with JGD-1Lac, JGD-2Lac, and JGD-4Lac with identical sugar densities
(leftmost three images), lamellar striations are observed, corresponding to a lamellar morphology
on the GDS surface. Interlamellar spacings, determined by FFT, are 7.0, 8.1, and 9.6 nm,
respectively. Decreasing the sugar density by increasing the ratio of JD-2 in a co-assembled
mixture with JGD-4Lac (right image) results in a mottled, nanosegregated morphology with an
average feature size of 8.8 nm by FFT.
424

